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ABSTRACT 
 
 
According to the 2009 ASCE Infrastructure Report Card, Tennessee roadways have 
received a B- due to lack of funding. This thesis focuses on the optimal utilization of available 
funds for Hamilton County using PMS. HDM-4 and HPMA are used to assess the existing 
pavement conditions and predict future conditions; estimate fuel consumption; calculate road 
agency costs and user costs; determine cost-effective maintenance treatment; and suggest 
optimum utilization of funds.  
From this study, fuel consumption is higher at peak hours due to reduced traffic speeds. 
User cost is higher on the state route than the interstate due to stop-and-go motion. Road agency 
cost for the state route is four times higher than the interstate. Micro-surfacing treatment may 
cost less, but does not improve rut depth, while an overlay improves the roadway including 
structural cracking and rut depth. In Tennessee, HPMA cost-effective optimization analysis is 
available to adequately distribute the available funds. 
 
 
 
  
iv 
 
 
 
 
 
 
 
ACKNOWLEDGEMENTS 
 
 
I would like to acknowledge James Maxwell at TDOT Nashville who provided the data 
for both software packages. I would like to thank Dr. Eric Stannard at TRL Software in London 
for helping me solve particular issues regarding HDM-4. I like to also include my thesis advisor, 
Dr. Onyango, and the committee members, Dr. Owino, Dr. Fomunung, and Dr. Byard who took 
time to examine and help prepare my thesis to read professionally. Finally, I would like to thank 
my mother, father, and brother for always supporting me.  
 
 
 
 
  
v 
 
 
 
 
 
TABLE OF CONTENTS 
 
 
ACKNOWLEDGEMENTS iv 
LIST OF TABLES vii 
LIST OF FIGURES ix 
LIST OF ABBREVIATIONS…..…………….……….……………………………...…..xi 
CHAPTER 
   I.        INTRODUCTION ............................................................................................... 1 
1.1 Problem Statement………………..……………………………...…..………...4 
   II.     BACKGROUND ................................................................................................. 5 
   2.1 Pavement Evaluation………………………………..…………….……………5 
2.2 Fuel Consumption 8 
2.3 User & Agency Cost 9 
2.4 Cost-effective Maintenance 12 
2.5 Optimum Utilization of Funds…………………………..……………….……15 
2.6 Pavement Management System……..……….……………...….……….....…17 
2.7 HDM – 4…………………………..………………...…...……………...…….22 
 2.7.1 Project Analysis 23 
 2.7.2 Program Analysis 25 
 2.7.3 Strategic Analysis 26 
 2.7.4 Life Cycle Analysis 28 
2.8 HPMA …29 
 2.8.1 Section Data Views 29 
 2.8.2 Reports 30 
 2.8.3 Maintenance and Rehabilitation Analysis 31 
 2.8.4 Cost Effectiveness Calculation 32 
 2.8.4.1 Effectiveness………………………….…………………...32 
 2.8.4.2 Cost…………………………………………………..……33 
 2.8.5 Optimization………………………………………………………...34 
   III. METHODOLOGY ……....…………………………...…………..................…..35 
 3.1 Data Input…………………….…………………………........................…...36 
vi 
 
   IV.  RESULTS & DATA ANALYSIS...…… ……………………………….……….50 
4.1 Data Input…………………………...…………..……………………..…......50 
 4.1.1 HDM-4 50 
 4.1.2 HPMA 55 
4.2 Results 56             
 4.2.1 HDM-4 56 
 4.2.2 HPMA 78 
 
   V. CONCLUSION……………………………………………..…………….………89 
 
REFERENCES………………………….……………….…….……………………....…96       
APPENDIX 
A. INFORMATION FROM TDOT…………….……………………….……....… 101 
B. HPMA OPTIMIZATION RESULTS……………..……..………………..…… 103  
 
VITA…………………………………………………………………………………… 106 
 
 
 
 
 
  
vii 
 
 
 
 
 
 
 
LIST OF TABLES 
 
1.1 Assessment of Tennessee Roads 2 
2.1 Roughness Parameters for Bituminous Pavement in IRI 19 
2.2 Surface Distress Parameters  20 
2.3 Rut Depth Parameters 21 
2.4 Surface Texture Parameters  22 
3.1 Flow Distribution Data 43 
4.1 HDM-4 Data Inputs 50 
4.2 HPMA Data Inputs 55 
4.3 Pavement Condition Summary for I-75 if Overlay is applied 63 
4.4 Pavement Condition Summary for I-75 if Micro-surfacing is applied 64 
4.5 Pavement Condition Summary for SR 319 if Overlay is applied 65 
4.6 Pavement Condition Summary for SR 319 if Micro-surfacing is applied 66 
4.7 (a) Fuel Consumption on I-75 for Passenger Cars 68 
4.7 (b) Fuel Consumption on I-75 for Single Unit 68 
4.7 (c) Fuel Consumption on I-75 for Tractor Trailer 69 
4.8 (a) Fuel Consumption on SR 319 for Passenger Cars 70 
4.8 (b) Fuel Consumption on SR 319 for Single Unit 70 
4.8 (c) Fuel Consumption on SR 319 for Tractor Trailer 71 
viii 
 
4.9 Discounted Road Agency and User Cost on I-75 for Overlay 72 
4.10 Discounted Road Agency and User Cost on I-75 for Micro-surfacing 73 
4.11 Discounted Road Agency and User Cost on SR 319 for Overlay 74 
4.12 Discounted Road Agency and User Cost on SR 319 for Micro-surfacing 75 
4.13 HDM-4 Optimization Results 77 
4.14 Section Data Report 81 
4.15 M&R Analysis Results 85 
4.16 Cost Summary for Treatment Required in Hamilton County 88 
5.1 Comparing HDM-4 and HPMA Optimization Results 94 
A.1 TDOT Maintenance Treatments Description and Cost per lane-mile 102 
B.1 HPMA Optimization Analysis Results 104 
 
 
  
ix 
 
 
 
 
 
 
 
LIST OF FIGURES 
 
 
2.1 Rut Depth Measurement ...................................................................................................... 20 
2.2 Measuring Deflection 21 
2.3 Calculating PQI Area 33 
3.1 Vehicle Classification 38 
3.2 Rise + Fall 40 
3.3 Horizontal Curvature 41 
3.4 Flow Distribution in HDM-4 43 
3.5 Capacity Characteristics 45 
3.6 Interstate 75 Sequence 1 47 
3.7 State Route 319 Sequence 1 (Hixson Pike)  48 
3.8 Decision Tree Used in HPMA 49 
4.1 Total AADT with 1.8% Annual Growth Rate  56 
4.2 Volume/Capacity ratios for I-75 58 
4.3 Volume/Capacity ratios for SR 319 58 
4.4 Average Roughness for I-75 59 
4.5 Average Roughness for SR 319 60 
4.6 Pavement Performance of I-75 Southbound Hamilton County Sequence 1 (0.0-2.5mi.)  79 
4.7 Pavement Performance of SR 319 Northbound Hamilton County Sequence 1  
 (0.0 – 21.29 mi.)  80 
 
x 
 
4.8 Need Year Distribution 82 
4.9 Average Performance Trend 83 
4.10 Total Costs for Highest Cost Effectiveness Treatments 86
xi 
 
 
 
 
 
 
 
LIST OF ABBREVIATIONS 
 
 
AADT Average Annual Daily Traffic 
AASHTO American Association of State Highway and Transportation Officials 
AMAP Asphalt Mix Asphalt Pavement 
ASCE  American Society of Civil Engineers 
BLS Bureau of Labor Statistics 
ESAL Equivalent Single Axle Load 
ESALF Equivalent Single Axle Load Factor 
FHWA  Federal Highway Administration 
HDM-4 Highway Development and Management System 
HPMA Highway Pavement Management Application 
I Interstate 
IRI International Roughness Index 
LCCA  Life Cycle Cost Analysis 
LOS Level of Service 
M Minus (Southbound or Westbound) 
M & R Maintenance and Rehabilitation 
MYP Multi-Year Prioritization 
NPV Net Present Value 
xii 
 
P Plus (Northbound or Eastbound) 
PCI Pavement Condition Index 
PCSE Passenger Car Space Equivalent 
PDI Pavement Distress Index 
PM Preventive Maintenance 
PMS Pavement Management System 
PMMS  Pavement Maintenance Management System 
PPM Pavement Preventive Maintenance 
PSI Pavement Smoothness Index 
PQI Pavement Quality Index 
Qnom Nominal Capacity 
Qo Free Flow Capacity 
Qult Ultimate Capacity 
RSL Remaining Service Life 
RQI Ride Quality Index 
Snom Speed at Nominal Capacity 
SR State Route 
Sult Jam Speed 
TDOT Tennessee Department of Transportation 
TRB Transportation Research Board 
TTC Total Transport Cost 
VCR  Volume/Capacity Ratio 
VMT  Vehicle Miles Travel
1 
 
 
 
 
 
 
 
CHAPTER I 
 
INTRODUCTION 
 
 
According to the U.S. Census Bureau, the population of Tennessee has increased by 0.8% 
between 2010 and 2011 making it the seventeenth most-densely populated state in the U.S [U.S. 
Census Bureau, 2012]. The population is projected to increase by 6.2% by year 2020 [Middleton 
and Murray, 2009]. This increase in population is likely to result in traffic increase due to limited 
public transportation services in many cities. Proper maintenance of roadways is needed in order 
to accommodate the increased traffic. To enhance the economic activity of any nation depends 
greatly on a good road network. 
A good road network fosters development, while a poor road network hinders 
development due to limited transportation of commodities and economic activities.  In the United 
States of America, there are 4.1 million miles of public roads that provide mobility for the 
American people [FHWA, 2010]. The vehicle miles traveled (VMT) is an indication of the 
economic health of each state, which is why it is important to maintain the roadway 
infrastructure [AASHTO, 2001]. The state of Tennessee, for instance, has more than 90 thousand 
miles of roadway that accommodates seventy billion vehicle miles of travel [ASCE, 2009]. This 
vehicle travel causes pavement damage, and calls for proper pavement maintenance and 
rehabilitation programs.  
The American Society of Civil Engineers (ASCE) has developed a method of rating 
infrastructure (Infrastructure Report Card), prepared by the state professional engineering 
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society, which provides an assessment on the condition of the infrastructure significant to the 
quality of life.  The ASCE evaluation of the road conditions includes factors such as pavement 
quality, capacity, operation and maintenance, and funding. 
Based on this ASCE infrastructure report card, Tennessee roadways have received an 
overall grade of B minus (B-) for year 2009 [ASCE, 2009]. This grade places Tennessee 
roadways within the “good” range. The rating of the Tennessee road infrastructure based on 
ASCE report card, shown in Table 1.1, shows that the quality of the pavement is good; however, 
capacity falls within the average scale and funding falls within average/poor scale.  
 
 
Table 1.1 Assessment of Tennessee Roads [ASCE, 2009] 
 
 Weight Grade 
Pavement Quality 25% 87 
 Capacity 20% 76 
Operation & Maintenance 15% 83 
Funding & Future Need 15% 70 
Public Safety 15% 83 
Resilience 10% 85 
 Final Grade 81 = B- 
 
 
 
To improve the infrastructure grade, ASCE encourages the use of cost-benefit analysis to 
properly utilize the available funds/resources [ASCE, 2009]. For the state of Tennessee, for 
instance, the average annual pavement maintenance budget for interstates is 60 million dollars 
and for state routes is 120 million dollars. The actual need for pavement maintenance annually is 
90 million dollars for interstates and 120 million dollars for state routes [TDOT, personal 
communication, September 12, 2012]. Due to the difference in the actual amount required for 
interstates and the average amount received by TDOT, it is necessary to determine a method that 
Grading Scale 
A Excellent 90 - 100% 
B Good 80 - 89% 
C Average 70 - 79% 
D Poor 51 - 69% 
F Failing < 50% 
3 
 
properly allocates the available funds. This study will utilize data from the city of Chattanooga to 
assess the cost-effective maintenance treatment as well as the distribution of funds.  
The city of Chattanooga, which is the fourth largest city in Tennessee, is located in 
Hamilton County. The county has a population of 340,855 in 2011 [U.S. Census Bureau, 2012] 
and an annual traffic growth provided by TDOT as 1.8% [personal communication, August 18, 
2012]. For this thesis, Hamilton County is selected to demonstrate how the funds available may 
be allocated based on immediate maintenance requirements. This analysis uses Hamilton County 
budget of one million for interstates and two million for state routes to determine a cost-effective 
way of utilizing the funds.  The pavement management system (PMS) is used in this study as a 
tool to achieve prioritization of roadway maintenance. PMS is defined by the FHWA as “a set of 
tools or methods that can assist decision-makers in finding cost-effective strategies for providing, 
evaluating, and maintaining pavements in a serviceable condition” [AASHTO, 2001, p. 9]. PMS 
is used to determine a process for reducing the timing between selecting a project and treatment 
application to ensure proper treatment application, maximize performance life and reduce overall 
life-cycle cost of pavement sections.  
This thesis includes an introduction, a brief background on pavement management 
system, Highway Development and Management System (HDM-4), as well as Highway 
Pavement Management Application (HPMA), the methodology, the results, and the conclusion. 
The stated objectives are analyzed and reported in the results section. The various data and 
methods used to perform the analysis are included in the methodology section.  
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1.1 Problem Statement 
Hamilton County is one of the fastest growing counties in Tennessee based on the U.S. 
Census Bureau, which shows a 1.3% increase in population between 2010 and 2011 [U.S. 
Census Bureau, 2012]. The increased population goes hand-in-hand with increase in traffic 
loads, which causes pavement deterioration. As a result, the roads need to be well maintained 
bearing in mind that funds are limited. Since Tennessee roadways overall grade falters due to 
improper utilization of funding, using pavement management system would allow Hamilton 
County to properly manage the funding in a cost-effective way. HPMA and HDM-4 are useful 
pavement management tools that would assist in the evaluation of several objectives, such as 
pavement condition, selecting the cost-effective maintenance treatment, and funding. The 
objectives of this thesis are to:  
 Assess the existing pavement conditions and predict future conditions.  
 Estimate fuel consumption for the vehicle fleet.  
 Calculate the road agency and user cost for a given pavement section.  
 Determine the cost-effective type of treatment needed for a particular section.  
 Suggest the optimum utilization of funds.  
The goal of this study is to perform optimization analysis in order to properly utilize the 
limited funding, taking into account the pavement condition and the maintenance treatment 
required so that the pavement remains within acceptable conditions. The objectives mentioned 
above are analyzed for the selected pavement section using two software packages: HDM-4 and 
HPMA.  
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CHAPTER II 
 
BACKGROUND 
 
 
2.1 Pavement Evaluation 
Evaluating pavement condition is important primarily because deterioration of pavement 
can lead to costly maintenance and may cause crashes that can lead to serious risk, such as 
injuries to road users. Most pavements last about twenty years before deteriorating to the point 
when major rehabilitation is required [Minnesota Department of Transportation]. Performing 
minor repairs at regular intervals can extend pavement life and decrease total life-cycle costs. In 
order to measure the condition of a pavement, the Department of Transportation travels with a 
van equipped with cameras, laser sensors and nondestructive testing gear. These sensors help 
identify distresses, degree of cracking, as well as the smoothness of the ride to determine the 
Ride Quality Index (RQI) rating for each section of roadway. The pavement percentages in Good 
or Poor condition then determines its future pavement preservation needs. 
 Evaluation of a pavement is a requirement in the pavement management system. Haas, 
Hudson, and Kennedy (1975) demonstrate the purpose of pavement evaluation within pavement 
management system. They conclude that pavement evaluation can be used to make sure that the 
purpose for which a pavement is provided are satisfied and information for planning and 
designing the rehabilitation of existing pavements are provided. Major components of pavement 
evaluation include measurements such as structural capacity, serviceability, distress, skid 
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resistance, maintenance costs, and user costs. All components of pavement evaluation are 
relevant in determining the costs and benefits of pavement projects [Haas et. al., 1975].  
Jordaan, Servas, and Marias (1986) focus on the evaluation and analysis of the behavior 
and condition of existing pavements in South Africa. Jordaan et. al. explains that the necessity of 
maintaining the road network is ignored by the highway agencies. The road network becomes 
significant only when the section deteriorates to such a degree that the riding surface becomes 
intolerable. The authors investigate, evaluate, and analyze the existing pavement, rehabilitation 
designs and perform an economic analysis making use of past pavement performance behavior. 
It is found that using pavement management system would significantly improve the road 
conditions. As a result, they emphasize the importance of using pavement management system to 
properly maintain the road network in South Africa [Jordaan et. al., 1986].  
Solminihac et. al. (2003) explains that pavement deterioration over time depends on 
traffic and pavement age. HDM-4 performance models are compared to the models acquired 
using HDM-III. It is found that the models adjustment factors are as acceptable as HDM-III, so a 
change to the HDM-4 model is suggested due to the advantages HDM-4 has to offer. However, 
Solminihac et. al. recommends continuous research on HDM-4 as well as on the relationship 
governing the initiation of structural cracking and potholes because the available models are not 
viable to ages before the occurrence of these types of distress [Solminihac et. al., 2003].   
Beckheet et. al (2008) focuses on determining the current pavement condition of a school 
using U.S. Corps of Engineers Pavement Condition Index (PCI). They develop a pavement 
management system for their paved assets. The paved assets are different from a traditional road 
function and geometric perspective because it includes drop-off lanes for buses or 
loading/unloading zones, parking areas used by passenger automobiles and garbage trucks, and 
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areas subjected to foot traffic. For their analysis, Beckheet et. al. uses Stantec HPMA to store and 
analyze their data, and then they perform the analysis to identify the current and future needs. 
Their findings include that using the analysis tools proved successful within the management 
system [Beckheet et. al., 2008].  HPMA is also used in another study by the Minnesota 
Department of Transportation (2003) in determining a list of projects appropriate for preventive 
maintenance. The list includes the pavement preventive maintenance (PPM) activity based on 
pavement condition, age, traffic, etc. The Minnesota DOT encourages the districts to work on 
pavement sections using PPM in order to receive the benefits (extension of pavement life) 
provided by PPM [Minnesota Department of Transportation, 2003].  
Widdup (1992) collects existing data related to road conditions, road geometrics, 
pavement conditions, traffic usage, etc. to determine the condition and performance of the road 
and then uses various budget scenarios to find the optimized maintenance strategy [Widdup, 
1992]. Jain et. al. (2005) uses HDM-4 to analyze the pavement prediction models for major 
distress including cracking, raveling, potholes, and roughness and then compares the HDM-4 
results with the actual behavior in specific pavement sections. Small variations between the 
HDM-4 model results and the actual behavior are found [Jain et. al., 2005].  
Baladi (2000) with the help of the Arizona Department of Transportation collects 
roughness data and pavement distress data which include cracking, rutting, potholes or patches. 
After applying preventive maintenance (PM), it is shown that the pavement conditions relative to 
cracking, rutting, and ride quality improves and the rate of deterioration of the pavement 
decreases, thus increasing their remaining service life. After PM is implemented, the pavement 
deterioration rate decreases regardless of the increase in traffic volume [Baladi et. al., 2000].  
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Haas et. al. (1975), Jordaan et. al. (1986), Beckheet et. al. (2008), Baladi et. al. (2000), 
Solminihac et. al. (2003), and Widdup (1992) incorporates pavement evaluation into their 
research because determining the current condition is very important before any maintenance or 
funding decisions can be made for each pavement section. Similarly, pavement evaluation of 
each section in Hamilton County is performed for this thesis using HPMA and HDM-4.  
 
 
2.2 Fuel Consumption  
Due to traffic delays and maintenance works, the amount of fuel consumed by the vehicle 
must be taken into consideration. Fuel consumption is expressed as the amount of fuel used per 
unit distance and the lower the value, the more economical a vehicle is. In other words, the lower 
the ratio, the less fuel the vehicle needs to travel a certain distance.  
Huang, Bird, and Bell (2009) estimates fuel consumption using speed, flow, and queuing 
data provided by the management alternatives. Huang et. al. evaluates the different traffic 
management alternatives which will minimize delay to road users using a micro-simulation 
model, VISSIM (VISual SIMulation). The effect that the roadwork has on traffic and on fuel 
consumption is studied. A methodology is suggested to the highway authorities who computed 
the environmental impacts of road maintenance works. The methodology includes suggestions 
regarding effective traffic management such as lane closure and traffic diversion and executing 
roadwork during off-peak hours [Huang et. al., 2009].  
Rakha and Ding (2003) measures the impact on vehicle fuel consumption when the 
vehicle made a complete stop. The study requires vehicles to travel at constant cruise speed, 
followed by decelerating to a complete stop, and then accelerating back to the initial cruise 
speed. Their findings include that the fuel consumption increases significantly as a vehicle stop 
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is introduced, especially at high cruising speeds. However, they conclude that the vehicle fuel 
consumption is more susceptible to constant cruise speed levels than it is to vehicle stops [Rakha 
et. al., 2003].  
A study by Gillespie and McGhee (2007) at the WesTrack facility in Nevada uses two 
test vehicles and records fuel consumption before and after pavement rehabilitation. It is found 
that a decrease of 10% in average IRI reduced fuel consumption of the trucks by 4.5%. Another 
test conducted by the Florida DOT indicates that reducing roughness by 10% increases the fuel 
economy by approximately 1.3% [Gillespie and McGhee, 2007]. The benefits of a smoother 
pavement may be considered as savings in resurfacing costs, savings in fuel costs, or a 
combination of the two [Gillespie and McGhee, 2007].  
 Unlike the studies mentioned in Section 2.2, fuel consumption, in this thesis, is estimated 
using HDM-4 to observe the quantity of fuel being consumed by each vehicle fleet during 
various flow periods (peak, medium).  
 
 
2.3 User & Agency Cost 
Jordaan, Servas, and Marias (1986) express the significance of performing an economic 
analysis as a portion of rehabilitation process in pavement management system. Their analysis 
includes agency and road user costs. Agency costs are the initial rehabilitation costs, 
maintenance costs during the analysis period, future capital costs and salvage value at the end of 
the analysis period. The road user costs include the delay costs which comprises of the vehicle 
operating costs and time costs of occupants of vehicles and accident costs. The total present 
worth of the agency and user costs are calculated to compare various rehabilitation alternatives. 
Then the most economical rehabilitation alternative is selected [Jordaan et. al., 1986]. The 
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Delaware Department of Transportation provides a method for calculating road user cost 
[Delaware DOT, 2010].  
 Calculate Delay Costs 
Value of time per car = Average vehicle occupancy  Average wage rate  Eq. 1 
Value of time per truck = Average vehicle occupancy  Average truck  
                                                                                                   driver compensation  Eq. 2 
 
Daily Delay Cost ($) = Ave delay  (ADT  %autos  VOTa  ADT %light  
VOTl  ADT                                                                                        Eq. 3 
where Ave delay = average delay per vehicle (hr/veh) 
ADT = average daily traffic 
% auto = percentage of non-trucks in the traffic stream 
VOTa = value of time per auto ($/hr)  
% light = percentage of light trucks in the traffic stream 
VOTl = value of time per light truck ($/hr)  
% heavy = percentage of heavy trucks in the traffic stream 
VOTh = value of time per heavy truck ($/hr)  
 
 Calculating Operating Costs 
Daily Operating Cost ($) = ADT  %auto  (Dwz  AOCwz-D  AOC) + ADT  
% truck  (Dwz  TOCwz-D TOC)                                                                Eq. 4 
where:ADT = average daily traffic 
% auto = percentage of non-trucks in the traffic stream 
Dwz = travel distance with the work zone in place (mi) 
AOCwz = operating cost per auto ($/mile) with the work zone in place  
11 
 
D = travel distance without the work zone (mi) 
AOC = operating cost per auto ($/mile) without the work zone 
% truck = percentage of light and heavy trucks in the traffic stream 
TOCwz = operating cost per truck ($/mile) with the work zone in place  
TOC = operating cost per truck ($/mile) without the work zone 
Total Daily User Cost ($) = Daily Delay Cost + Daily Operating Cost                          Eq. 5 
Haas, Hudson, and Kennedy (1975) expresses that since a decrease in cost is seen as a 
benefit for the highway economy, user costs should be incorporated in any analysis. The cost of 
congestion which is additional valuable time for drivers and fuel consumed during congested 
travel is included in user cost. The study suggests that the economic analysis includes 
management decisions to determine the feasibility of a project. The major cost factors are agency 
and user costs. It is found that if a project shows excess benefits in comparison to agency costs, 
then the pavement benefits would mean that it is economically feasible [Haas et. al., 1975].  
Tsunokawa and Ul-Islam (2003) calculates the present value of the life cycle total 
transport cost (TTC) associated with the initial pavement design and maintenance option for a 
specific road section for a specific analysis period using HDM-4. Using the input of cost data 
involving vehicle operating cost and maintenance action, HDM-4 estimates the time streams of 
the maintenance cost and road user costs, which are then added together with the given 
construction costs to provide the time streams for TTC. HDM-4 identifies the unconstrained and 
constrained optimal pavement design and maintenance strategy. It is found that the 
unconstrained design and maintenance strategy decreases the present value of the life cycle TTC, 
while the constrained design and maintenance strategy reduces the present value of life-cycle 
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TTC given the present value of the life-cycle maintenance cost [Tsunokawa and Ul-Islam., 
2003]. 
Gillespie and McGhee (2007) observe the relationship between the ride quality and user 
cost. They explain that the pavement roughness reduces the ride quality for the traveler and 
increases the vehicle operating cost. Less resurfacing will reduce the owner agency maintenance 
cost and the motorist delay cost and it will increase the motorist vehicle operating cost. The time 
period required during roadwork enforces extra costs on the motorists who drive the road. This is 
because a lane of pavement experiencing resurfacing must be closed to traffic resulting in a small 
delay due to reduced speed through the work zone. This may result in a longer delay if the traffic 
volume surpasses the capacity of the available lanes on the work zone. The significance of time 
depends on the income and purpose of the traveler and on the degree of congestion. As a result, 
higher initial surface smoothness leads to cost savings for the travelers who use it [Gillespie and 
McGhee, 2007].  
Unlike the studies expressed in Section 2.3, the user and agency costs in this thesis are 
calculated using HDM-4 when overlay or micro-surfacing alternative is applied. The analysis is 
performed to see which alternative would provide the least transport cost.  
 
 
2.4 Cost-effective Maintenance  
Dong and Huang (2010) express the importance of evaluating the cost and effectiveness 
of various maintenance treatments given that more and more pavement maintenance projects are 
being applied. The study concludes that mill & fill has the highest costs followed by Hot Mix 
Asphalt (HMA) overlay and micro-surfacing. On the other hand, HMA overlay has the highest 
effectiveness followed by mill & fill and micro-surfacing. The overall outcome is that micro-
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surfacing is the most cost-effective treatment due to low cost followed by HMA overlay and mill 
& fill. However, mill & fill seems to dominate severe pavement distress and HMA overlay 
increases the structural capacity; hence, micro-surfacing may be unsuitable in some situations 
[Dong and Huang, 2010].  
Smith and Monismith (1976) examine available maintenance alternatives that should be 
applied in order to attain optimum utilization of available funds. They use Pavement 
Maintenance Management System (PMMS) which assists in long term planning for maintenance 
needs and the related funding requirements. Their findings express that thin overlays are 
optimum for pavement subjected to lower traffic volumes while medium overlays are optimum 
for all pavement categories. Thick overlays are optimum when the pavement has deteriorated 
below the level for which medium overlays are optimum [Smith et. al., 1976].  
Haas, Hudson, and Kennedy (1975) specify that after data specifications are made, the 
designer is provided with alternative design strategies, analysis of these alternatives, and the best 
strategy selected using optimization which is an analysis offered within the pavement 
management system. After the optimal strategy is selected, the design predictions are checked 
and updated, the rehabilitation measures are rescheduled, design models are upgraded, and the 
network rehabilitation programs are updated by the evaluator. Rehabilitation decisions can be 
made when there is a need for greater structural capacity, excessive distress exists, or high 
maintenance and user costs are required [Haas et. al., 1975]. 
Beckheet et. al. (2008) explain that the pavement management analysis model available 
in HPMA uses the collected data and provides Maintenance and Rehabilitation activities & cost 
models, M&R decision tress, and performance prediction models. Decision trees are used to 
identify feasible rehabilitation alternatives from the available M&R activities. The performance 
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prediction models are based on expected service lives for each M&R activity. The service lives 
are defined based on past experience. A PMS analysis which includes a short term analysis based 
on the results of the PCI calculation and the condition assessment is performed. A list is made for 
the pavement section based on worst-first selection approach [Beckheet et. al., 2008]. 
The initial step for the Minnesota Department of Transportation (2003) in the PPM 
program is to find out which pavement section requires the treatment and how much funding is 
needed. Based on distresses on the pavement surface as well as traffic and age, a decision tree is 
used in HPMA to help the user analyze each pavement section by providing a process in 
determining what rehabilitation or maintenance each section of the highway needs [Minnesota 
Department of Transportation, 2003]. 
Baladi (2000) and the Montana Department of Transportation studies PMS data to verify 
the cost-effectiveness of the PM program. The results show that the PM program has provided 
cost-effective alternatives which help lengthen the pavements remaining service life (RSL). It is 
concluded that the earlier the preventive maintenance strategy is applied, the lower the cost and 
the higher the benefits [Baladi et. al., 2000]. 
These studies express the importance of determining the cost and effectiveness of each 
maintenance treatment and finding the optimum maintenance strategy. Similarly, this thesis 
focuses on finding the cost-effective maintenance strategy with the help of the decision tree 
specified in HPMA. The optimum strategy is based on the cost-effective ratio and the PSI, PDI, 
and PQI trigger values specified in the decision tree.  
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2.5 Optimum Utilization of Funds 
Jordaan, Servas, Marias (1986), Mamlouk, and Zaniewski (1999) expresses that due to 
the shortage of funds, highway agencies must find a cost-effective method to use the available 
funds more effectively. Pavement management system helps them to identify roads which are in 
mediocre condition in order to properly distribute funds [Jordaan et. al., 1986; Mamlouk et. al., 
1999]. Haas, Hudson, and Kennedy (1975) explain that investment programming focuses on 
distributing the funds to a series of projects within the road network or region. However, due to 
the budget constraints, projects above a certain benefit level may only be considered. Methods 
such as cost-effectiveness consider the cost and benefits so that alternative investments may be 
compared [Haas et. al., 1975].  
MnDOT (2003) explain that PPM not only determines the highway conditions, it can be 
used to estimate the funding needed for the project. The state funding is limited, so PPM using 
the decision tree recommends areas where funding is needed [Minnesota Department of 
Transportation, 2003].   
Widdup (1992) observes a number of options for maintaining, upgrading, and improving 
the studied route. He observes maintenance and upgrading strategies for different budget 
scenarios that optimized the condition and performance of the route. Widdup focuses on 
determining optimum strategies for attaining the best values for the performance indicators for 
various budget situations. The study considers optimum solution for different funding situations 
with the purpose of upgrading the route to maximize performance. An effective gradient method 
is used. This method is a linear programming method based on a polynomial function and is used 
for resource allocation. This method is determined successful. It provides optimum solutions for 
each budget scenario [Widdup, 1992]. 
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Mamlouk and Zaniewski (1999) suggest using preventive maintenance since the funding 
currently available for highway preservation is not sufficient for conserving pavement quality. 
The pavement condition in the United States will continue to deteriorate unless a modification is 
made in the way pavements are maintained. Pavement preventive maintenance is defined as a 
tool that uses a cost-effective approach to lengthen pavement life. Mamlouk and Zaniewski 
suggest following the concept of “pay me now or pay me later” which is valid to pavement 
preventive maintenance, and needs to be implemented by the highway industry for the pavement 
preservation [Mamlouk and Zaniewski, 1999]. The concept “pay me now or pay me later” is 
contemplated by the Fram Corporation primarily known for their oil filter products. Their 
marketing slogan “You can pay me know, or pay me later,” means that the customer can either 
pay a small amount now for the oil and filter replacement or pay a larger amount later for the 
replacement of the vehicle engine. This concept can be applied to pavement as small amounts 
can be paid to repair minor issues at regular intervals resulting in extended pavement life or a 
larger amount can be paid to rehabilitate/reconstruct the entire pavement section that has 
deteriorated completely. Mamlouk and Zaniewski explain that several studies have revealed that 
pavement preventive maintenance is three to five times more cost-effective than a “do nothing” 
maintenance strategy [Mamlouk and Zaniewski, 1999].  
Several researchers suggest using preventive maintenance to maintain pavements in cost-
effective manner resulting in better pavement quality at lower cost. In order to determine 
maintenance strategies to improve pavement sections, budget scenarios must be taken into 
consideration. Finding the optimum utilization of the funding available is determined in this 
thesis using HPMA and HDM-4. HPMA takes the maximum cost-effectiveness ratio and other 
requirements specified in the decision tree such as PSI, PQI, and PDI trigger values to best 
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distribute the funds appropriately. On the other hand, HDM-4 uses the maximum NPV/cost to 
properly allocate the funds. 
The studies in this Background section further emphasize the importance of pavement 
management system. The use of HDM-4 and HPMA is necessary to facilitate in determining the 
condition and maintenance requirement of the pavement. These types of software help in the 
optimization of the available funds. The appropriate distribution of the constrained budget based 
on immediate need for the state of Tennessee is the focus of this thesis. Using HDM-4, condition 
of pavement sections, fuel consumption by each vehicle classified, user and agency costs as well 
as optimal distribution of funds are evaluated. Using HPMA, the maintenance required by the 
roadway section is based on the maximum cost-effective ratio and the PSI, PDI, and PQI trigger 
values specified in the decision tree. This optimum strategy is used to help determine how the 
available funds would be distributed appropriately. 
 
 
2.6 Pavement Management System 
The Federal Highway Administration defines a Pavement Management System (PMS) as 
“a set of tools or methods that can assist decision-makers in finding cost-effective strategies for 
providing, evaluating, and maintaining pavements in a serviceable condition” [AASHTO, 2001, 
p. 9]. PMS is used for collecting, analyzing, maintaining, and reporting pavement data needed to 
assess pavement conditions, estimate future conditions, determine any maintenance and 
rehabilitation (M & R) needs and costs in order to arrange and prioritize pavement M & R 
projects. Although PMS may not provide the final decision, it can however provide an educated 
comparison of the alternative decisions. [Stantec HPMA].  
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The pavement management system structure is divided into two levels: the network (or 
system) level and project level. The network level deals with the total pavement network and is 
concerned with advanced decisions involving network-wide planning, policy and budget. At this 
level, for instance, the benefits and costs for several alternative decisions might be compared and 
then the budget that provides the maximum benefit-cost ratio over the analysis period can be 
identified [Pavement Management Systems, 2007]. 
The project level deals with smaller sections within the network and is concerned with 
lower-level decisions regarding condition, maintenance, reconstruction and rehabilitation 
assignment, and unit costs. Detailed consideration is given to alternative design, construction, 
and maintenance and rehabilitation activities for specific projects. This might be accomplished 
by comparing benefit-cost ratios of several design alternatives and then picking the design 
alternative that provides the maximum benefits for the least total cost over the projected life of 
the project [Pavement Management Systems, 2007]. 
The life cycle cost analysis (LCCA) is mainly used at the Project Level. LCCA estimates 
the net present economic value (NPV) of a project by summing the discounted expected values 
of all costs and benefits acquired as a result of putting the project into operation over its 
economic life span. The best project alternative is the one with the highest NPV [Jawad and 
Ozbay, 2006]. 
 
where: NPV = Net Present Value;  
= Total Benefits gained at time period t; 
= Total Costs encountered at time period t; 
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t = Time Period (i.e., year);  
T = Analysis Period (years); and  
r = Discount Rate (decimals). 
The data collected manually for PMS include inventory data, pavement condition, 
traffic/loads, initial construction history, and costs such as construction, rehabilitation, and 
reconstruction. Inventory data includes “route number, route type (Interstate, US), functional 
class, length, divided/undivided route section, pavement type, number of lanes and widths, 
shoulder type and width, county, and legislative district” [Vitillo]. Pavement condition such as 
pavement roughness and surface distress are evaluated [Pavement Management Systems, 2007].  
 The pavement ride quality is measured using the International Roughness Index (IRI). 
Road roughness is defined as “irregularities in the pavement surface affecting user comfort and 
safety” [Vitillo]. The roughness occurs due to differences in horizontal, vertical, and transverse 
profile of a pavement [Vitillo]. The parameters for each category of roughness or ride quality in 
IRI (in/mi) of a pavement are shown in Table 2.1. This includes the parameters that TDOT 
recommends for roughness, which are converted to m/km in order to evaluate the results 
obtained using HDM-4 software [personal communication, September 26, 2012].  
 
Table 2.1 Roughness Parameters for Bituminous Pavement in IRI  
[personal communication, September, 26, 2012] 
 
 Road 
Class 
Very 
Good 
Good Fair Mediocre Poor 
Bituminous 
(m/km) 
Primary < 2.5 2.5 - 3.85 3.90 - 4.88 4.92 - 6.97 > 6.97 
Secondary < 2.0 2.0 - 3.0 3.12 - 3.90 3.94 - 5.58 > 5.58 
Tertiary < 1.6 1.6 - 2.46 2.50 – 3.12 3.16 – 4.47 > 4.47 
Bituminous 
(in/mi) 
Primary < 60 60 - 94 95 - 119 120 - 170 > 170 
Secondary < 48 48 - 75 76 - 95 96 - 136 > 136 
Tertiary < 38 38 - 60 61 - 76 77 - 109 > 109 
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When evaluating surface distresses, each distress must be described by its type (cracking, 
patching, rutting), severity (crack width, condition assessment), and extent (percentage of the 
pavement length affected) [Vitillo]. The surface distress parameters, shown in Table 2.2, include 
all structural cracking, wide structural cracking, transverse thermal cracking, number of potholes, 
raveling, and edge break. All structural cracking include narrow cracking of 0.039 – 0.118 inch 
crack width and wide cracking of less than 0.118 inch crack width. 
 
 
Table 2.2 Surface Distress Parameters [TDOT, personal communication, September, 26, 2012] 
 
Distress 
Mode 
All 
Structural 
Cracking 
(%) 
Wide 
Structural 
Cracking 
(%) 
Transverse 
Thermal 
Cracking 
(%) 
No. 
potholes 
per mile 
(per km) 
Raveling 
(%) 
Edge break 
in
2
/ mi m
2
/km 
New 0 0 0 0 0 0 0 
Good 0 0 0 0 1 0 0 
Fair 5 0 0 0 10 24,945   10 
Poor 15 9.5 0 8 (5) 20 249,448   100 
Bad 25 19 0 80 (50) 30 748,345   300 
 
 
The rut depth is measured as indicated on Figure 2.1 and calculated using equation 7 
[Pavement Management Systems, 2007]. 
 
 
 
Figure 2.1 Rut Depth Measurement [Vitillo] 
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where D1 = height measured midway between wheel paths (mm); and 
D2, D3 = height (mm) measured 860 mm transversely from the center position D1 
 
The parameters for rut depth are specified in Table 2.3. The mean rut depth is specified 
according to each condition (new, good, fair, poor, bad).  
 
 
Table 2.3 Rut Depth Parameters [TDOT, personal communication, September, 26, 2012] 
 
Distress Mode 
Mean rut depth  
(in) (mm) 
New 0 0 
Good 0.0787 2 
Fair 0.1969 5 
Poor 0.5906 15 
Bad 0.9843 25 
 
 
 
Structural load capacity is a measurement of the “load carrying capacity of the pavement 
structure” [Vitillo]. A method used to measure structural capacity is deflection. The deflection 
measurement from the pavement surface due to the load is shown in Figure 2.2. The data is 
collected using both destructive tests which include coring/borings and non-destructive tests such 
as falling weight deflectometer and ground penetrating radar [Vitillo].  
 
 
 
Figure 2.2 Measuring Deflection [Vitillo] 
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Skid resistance is an “evaluation of the coefficient of friction of the pavement surface 
based on speed” [Vitillo]. The parameters for surface texture, which includes texture depth and 
skid resistance, are specified in Table 2.4.  
 
 
Table 2.4 Surface Texture Parameters [TDOT, personal communication, September, 26, 2012] 
 
 Asphalt Mix (AM) Pavements 
Surface Texture 
Texture Depth  Skid Resistance 
at 31 mph (50 km/h) (in) (mm) 
Good 0.0276 0.7 0.5 
Fair 0.01969 0.5 0.4 
Slippery 0.01181 0.3 0.35 
 
 
 
 The parameters shown in Section 2.6 are used as failure criteria when using the HDM-4 
software.  
 
 
2.7 HDM – 4 
 
Highway Development and Management System (HDM-4) is a computer software 
program developed by the World Bank. HDM-4 is a decision making tool for verifying the 
engineering and economic capability of investments in road projects. HDM-4, a newer version of 
HDM-III software, incorporates newer features such as effects of traffic congestion on speed, 
fuel, maintenance cost, and impacts of vehicle emission. These features allow HDM-4 to be 
applied in any area of the world with any environmental and engineering situations. HDM-4 is 
capable of analyzing project, program, and strategic analysis in order to help determine the 
performance of a road [HDM].  
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2.7.1 Project Analysis 
 
Project analysis allows assembling of several road works or more than one road section 
together under one agreement. Project title, road network, and vehicle fleet information are 
required to create a project. To begin a project analysis, work standards, general traffic 
composition and growth rate, extra benefits, and costs must be specified [Li et. al., 2004]. Project 
analysis provides the physical, functional and economic feasibility of specified project 
alternatives by comparing the alternatives to a “do-nothing” case. The major issues that the 
project analysis estimates are pavement structural performance, life cycle prediction of 
deterioration, maintenance effects and costs, road user costs and benefits, and economic 
comparison of project alternatives [Kerali].  
In order to mitigate these issues, HDM-4 uses an analytical model to calculate the 
structural strength of the pavements under traffic loadings. The software calculates the 
deterioration of the road structure and the surface for each year of the analysis period.  HDM-4 
provides the cost of maintenance and the effects resulting from the cost. For instance, if the 
option is provided that whenever the roughness reaches a value of 6 International Roughness 
Index (IRI), an overlay has to be applied. The software then calculates the roughness increase 
every year after the application of an overlay due to traffic loading and whenever the roughness 
reaches 6 IRI, HDM-4 will recommend an overlay to be applied [HDM]. 
 The International Roughness Index (IRI) is defined as a scale for roughness based on the 
simulated response of a generic motor vehicle to the roughness in a single wheel path of the road 
surface. The equation to determine the IRI is expressed as [Archondo-Callao]: 
                                                              Eq. 8 
where  total incremental change in roughness during analysis year. 
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 calibration factor for cracking progression 
 incremental change in roughness due to structural deterioration 
during analysis year.  
 incremental change in roughness due to cracking during analysis 
year.  
 incremental change in roughness due to rutting during analysis 
year.  
 incremental change in roughness due to potholing during analysis 
year.  
 incremental change in roughness due to environment during 
analysis year. 
The effects of the road condition and the road design standards on road users are 
evaluated in terms of road user costs. The road user cost includes [Kerali]: 
 Vehicle operation costs (fuel, tires, oil, spare parts, labor, vehicle depreciation, overhead, 
interests etc.), 
 Costs of travel time - for both passengers and cargo, due to road condition and traffic 
congestion, and 
 Costs to the economy of road accidents (loss of life, injury to road users, damage to 
vehicles and other roadside objects). 
 If, for example, no maintenance is performed, then the road user costs will be high. 
However, if any maintenance, such as overlay, is applied, then the road user costs will be 
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reduced. If both options are compared, then a benefit will be obtained by applying the 
maintenance [HDM]. In HDM-4, road user costs are calculated by predicting physical quantities 
of resource consumption and then multiplying these quantities by the corresponding user 
specified unit costs. Economic benefits from road investments are then determined by comparing 
the total cost streams for various road works and construction alternatives against a base case 
alternative, usually representing the minimum standard of routine maintenance [Kerali]. 
Agency costs include the capital costs of road construction and the total costs that are 
acquired depending on the standards of maintenance and improvement applied to road networks. 
The project analysis can be performed for the maintenance of existing roads such as crack 
sealing, pothole patching, seal coating, single or double bituminous chip sealing, and pavement 
strengthening. Pavement reconstruction and upgrading, road widening, geometric improvements 
and realignment can be analyzed in order to improve existing roads. Finally, an assessment of the 
performance of the project is completed to determine if the objectives set out have been met 
[HDM]. 
 
 
2.7.2 Program Analysis 
 
 The program analysis deals primarily with the prioritization of a long list of candidate 
road projects into a one-year or multi-year work program under budget constraints. Program 
analysis deals with individual sections that are distinctive physical units distinguishable from the 
road network throughout the analysis [Kerali]. The program analysis examines the yearly 
maintenance program. The multi-year program method performs one preservation treatment or 
one treatment after the previous treatment assigned to each road section. These treatments are 
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prompted based on distress threshold [Li et. al., 2004]. This study is used to identify the road 
sections required for maintenance under a particular budget because the program analysis 
provides an easy evaluation of the whole road network.  
The selection criteria will depend on the maintenance, improvement or development 
standards defined by a road administration. In order to identify candidate projects, some 
examples of selection criteria include [Kerali]: 
 Periodic maintenance thresholds (for example, reseal pavement surface at 20% damage). 
 Improvement thresholds (for example, widen roads with volume/capacity ratio greater 
than 0.8). 
 Development standards (for example, upgrade gravel roads to sealed pavements when the 
annual average daily traffic exceeds 200 vehicles per day). 
 
Due to budgetary constraints, the economic criterion for selecting the candidate road is 
the maximization of NPV/Cost. As a result of performing the program analysis, candidate road 
sections for maintenance can be identified. Alternative improvements can be determined as well 
as an optimized list of projects for the budget period will be provided [HDM]. 
 
2.7.3 Strategic Analysis 
 
Strategic analysis is performed on the entire road network for long term budget planning 
or for optimizing the maintenance strategies [HDM]. In strategic analysis, the road system loses 
its individual section characteristics by grouping all road segments with similar characteristics 
into the road network matrix categories [Kerali]. 
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In any case, the whole network is subdivided into several networks according to the main 
qualities that control the pavement performance. A typical road network matrix can be 
categorized according to the following [Kerali]: 
 Traffic volume or loading 
 Pavement types 
 Pavement condition 
 Environment or climatic zones 
 Functional classification (if required) 
For example, the network may be subdivided into three categories of traffic loading 
(high, medium and low) and three categories of surface condition such as good, fair and poor. As 
a result, the entire network will be divided into 3 x 3 = 9 sub-networks [HDM]. 
A life cycle analysis can be performed for approximately 20 years by running the 9 sub-
networks to see which maintenance option will be appropriate for which network, what is the 
total budget requirement and if enough money is not available, then will optimization be made 
[HDM]. 
Typical applications of strategy analysis by road administrations would include [Kerali]: 
 Medium to long term forecasts of funding requirements for specified target road 
maintenance standards. 
 Forecasts of long term road network performance under varying levels of funding  
 Optimal allocation of funds according to defined budget heads; for example routine 
maintenance, periodic maintenance and development (capital) budgets. 
 Optimal allocations of funds to sub-networks; for example by functional road class 
(main, feeder and urban roads, etc.) or by administrative region. 
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 Policy studies such as impact of changes to the axle load limit, pavement maintenance 
standards, energy balance analysis, sustainable road network size, and evaluation of 
pavement design standards, etc. 
 
 
2.7.4 Life Cycle Analysis 
 
For each case of project, program or strategic analysis, HDM-4 performs total life cycle 
conditions and costs for an analysis period under a user-specified set of conditions. The main set 
of costs for the life-cycle analysis comprises of the costs of capital investment, maintenance, 
vehicle operation, travel time, and accidents as an option. [Kerali, 1998]. Environmental effects, 
such as vehicle emissions and energy consumption, are calculated; however, they are not 
included in the cost streams. Life-cycle analysis, unlike multi-year program analysis, requires at 
least two principles for each section in order to compare the defined works alternatives with the 
base alternative for the specific analysis period. Optimal alternatives for each section are selected 
to maximize the economic benefits for the whole network while restricting the financial costs to 
less than the available budget [Li et. al., 2004]. 
Interacting sets of costs, associated to those acquired by the road agency and those 
obtained by the road user are added together over time in discounted present values. Costs are 
found by first estimating physical quantities of resource utilization and then by multiplying these 
quantities by their unit costs. Economic benefits are then determined by comparing the total cost 
streams for various maintenance and construction options with a case of doing nothing, usually 
representing minimal routine maintenance [Kerali, 1998]. 
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2.8 HPMA 
 
Stantec Consulting has developed the Highway Pavement Management Application 
(HPMA) that uses pavement condition data through a wide-ranging set of analysis models to 
determine current and future road and network condition. This software helps to define a set of 
Maintenance and Rehabilitation (M&R) needs of the network priorities and budget for the M&R 
treatments and development of the M&R program of projects [Stantec HPMA]. 
HPMA uses a detailed highway database with dynamic sectioning to generate section 
data views. While the highway database can be used to provide historical views, the section data 
views offer stable instances of the data for analysis purposes. In order to analyze what-if 
scenarios and to generate work programs, rehabilitation and maintenance analysis and network 
optimizations are performed on the section data views [Stantec HPMA]. 
 
 
2.8.1 Section Data Views 
 
Multiple section data views can be created using dynamic sectioning based on user-
defined criteria, with optional section override definitions. This allows the data view to be built 
by averaging all data for the sections.  Based on the historical data for the section, performance 
prediction models are determined for each section. The main performance indices such as 
roughness and distresses can be predicted.  The remaining service life is calculated along with 
the critical distress. This predicts the future performance of the section [Stantec HPMA]. 
Historical performance data helps develop the model coefficients adjusted to the 
individual analysis sections. The performance prediction modeling approach in HPMA is based 
on the use of these historical performance data. The available historical performance data for 
each individual pavement section are analyzed since the last rehabilitation or construction, to 
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determine model coefficients that match the observed performance of the section.  As a result, 
the model adjusts to the detailed settings observed on the section. Performance indices 
(roughness and distress) or individual distresses can be predicted [Stantec HPMA]. 
When sections lack sufficient historical data, as well as for the analysis of future 
rehabilitation alternatives, a table of default model coefficients is available for use. This table is 
based on the last applied treatment and the performance class of the section. Performance classes 
are user-defined and can be based on combinations of classes of Equivalent Single Axle Load 
(ESAL), structural thickness, environment, subgrade type, etc.  Default models are adapted to the 
last observed performance data [Stantec HPMA]. 
 
 
2.8.2 Reports 
 
The Need Year Distribution shows the amount of kilometers reaching the index trigger 
level in each year. This is based on the performance predictions and the trigger levels defined for 
each performance index. The distribution can be plotted for centerline-km or lane-km, for one or 
more performance indexes, and or one or more subsets. 
The Performance Trend shows the past and future average performance for an index or 
Remaining Service Life (RSL). The performance trend can be plotted for centerline-km or lane-
km, for one or more performance indexes. Averages are weighted by section length [Stantec 
HPMA].  
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2.8.3 Maintenance and Rehabilitation Analysis 
 
Through the analysis of conditions and expected performance for each section, HPMA 
provides the ability of creating maintenance and rehabilitation work programs. The 
“Maintenance Analysis” provides a one-year program of corrective maintenance activities based 
on the detailed analysis of distresses in conjunction with user-defined decision trees.  The effect 
of budget levels can be compared graphically [Stantec HPMA]. 
Incorporating both preventive maintenance and rehabilitation activities, the “M&R 
Analysis” provides multi-year optimized work programs.  Multi-Year Prioritization (MYP) is “a 
method of distributing limited resources in an efficient and cost-effective way over a multi-year 
period (2-10 year needs), through an evaluation of long-term impacts” [Stantec HPMA]. The 
benefits provided by MYP include forecasting future conditions, analyzing timing options, 
evaluating effectiveness of alternative strategy, performing economic analyses, using objective 
measures for prioritizing needs, projecting future budgets, and predicting the impact of each 
combination of projects on the network over the given analysis period [Stantec HPMA]. 
This process is based on user-defined decision trees that can include any element from 
the section data view.  Trees are defined by functional class and pavement type and separate 
trees can be defined for lane-specific alternatives.  Each alternative selected based on the 
decision tree is analyzed for life-cycle costs and performance.   
The M&R Analysis presents life-cycle analysis of costs and performance of reasonable 
strategies based on user-defined decision trees. The outputs include result data sets for input to 
the optimization analysis. These store the costs and performance information for the feasible 
strategies. 
The following items must be accomplished before running an M&R analysis: 
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 unit costs must be defined for each treatment 
 decision trees must be defined 
 optionally, other cost models can be set up 
During the analysis, each section is sorted out through the decision tree for each possible 
implementation year. Possible treatments are determined from the decision tree and analyzed for 
cost and performance. If “Multiple Tree Implementation” is used, the decision tree is processed 
further for the treatment resulting in multi-treatment strategies [Stantec HPMA]. 
 
2.8.4 Cost Effectiveness Calculation 
The HPMA M&R and optimization analysis is based upon the use of “cost-
effectiveness”. This is calculated as effectiveness divided by cost. This is similar to a benefit / 
cost ratio, however, the benefit (effectiveness) is not in dollar terms, but in terms of performance 
improvement [Stantec HPMA]. 
 
 
2.8.4.1 Effectiveness 
 
The effectiveness is defined in terms of performance improvement of the overall index 
(called Pavement Quality Indicator (PQI), Pavement Condition Index (PCI), Pavement Condition 
Rating (PCR), Flexible Pavement Restoration (FPR), etc. by various agencies). The effectiveness 
can be defined in terms of either the life extension resulting from the treatment or the PQI area. 
The PQI area is calculated as the area between the curves as illustrated in Figure 2.3 (although 
the figure shows FPR on a scale of 5, this is the overall index on whatever scale the area is 
defined on). The calculation is performed until the treated performance reaches the lower limit of 
the index or for 50 years from the base year, whichever comes first [Stantec HPMA]. 
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Figure 2.3 Calculating PQI Area [Stantec HPMA] 
 
 
For use in calculating the effectiveness, the PQI area (or life extension) is weighted by 
the section area and the user-defined effectiveness weighting function. 
 
 
2.8.4.2 Cost 
Total present worth cost is used for the cost-effectiveness calculation. After the unit cost 
and factors are determined, the cost is multiplied by the section area (or lane-miles if the unit 
cost is by lane-mile) to determine the basic section cost. The basic section cost is increased if an 
inflation rate is included in the M&R analysis and the implementation year is later than the base 
year. For calculation of total section cost, optional costs such as maintenance, vehicle operating 
costs and user delay costs can be included. These are added to the basic section cost. The present 
worth of the total section cost is calculated using the user-defined discount rate if the 
implementation year is later than the base year. Finally, the cost-effectiveness is obtained by 
dividing the effectiveness by the total present worth cost [Stantec HPMA].  
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2.8.5 Optimization 
The Network Optimization function provides optimization of the section strategies 
analyzed in the M&R analysis to achieve specific objectives for the network based on user-
defined constraints. Constraints may include budget, performance, and 
maintenance/rehabilitation. [Stantec HPMA]. 
A cost-effectiveness (CE) analysis is performed in order to select rehabilitation strategies 
thereby providing an optimal solution. The selection procedure chooses sections/strategies for 
implementation based on highest cost-effectiveness. The selection process stops when the 
specified constraints are met or if the constraints cannot be met. When performance constraints 
are included, the selection has to affect the performance constraints in the implementation year. 
The number of performance constraints affected influences the selection as well as the cost-
effectiveness [Stantec HPMA]. 
 The Marginal Cost Effectiveness (MCE) analysis approach is used to evaluate whether a 
more expensive project should be implemented over a less expensive project. MCE is calculated 
as follows: 
 
 
 
In equation 9, Ei and Ci are the effectiveness and cost of the project being implemented, 
while Eo and Co are the effectiveness and cost of the project with the higher effectiveness and the 
higher cost. If the MCE is positive, the MCE replaces the strategy CE during the remaining 
analysis [Stantec HPMA]. 
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CHAPTER III 
 
METHODOLOGY 
 
 
This thesis presents a pavement management study performed for Hamilton County in 
Tennessee using two software packages, HDM-4 and HPMA, to analyze the current pavement 
condition and predict future pavement conditions, then allocate available funding depending on 
the condition of each pavement section analyzed. Several software packages exist such as 
PAVER and StreetSaver, but because of the primarily use in Tennessee, HPMA is selected to 
compare with HDM-4, which is developed by the World Bank. The Hamilton county data in this 
analysis is provided by the Tennessee Department of Transportation (TDOT) in Nashville.  
Pavement Management System (PMS) has several maintenance activities that are 
available, such as mill and replace, scratch and overlay, crack and seal which allow PMS to 
select in an objective way the best alternative to apply.  Two alternative treatments, overlay and 
micro-surfacing maintenance, are considered for Life Cycle Cost Analysis (LCCA), to analyze 
the current and future surface damage of Hamilton County roads. These two treatments are 
selected because they are the most used treatments by TDOT and will take care of most 
distresses [personal communication, February 12, 2012]. The project analysis in HDM-4 
expresses the increase in total average annual daily traffic (AADT) for each vehicle fleet 
throughout the analysis period which is selected to be ten years. Due to the increase in asphalt 
prices, TDOT has not been able to perform full overlay designs. The addition of micro-surfacing 
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(service life 8.5 years) or an overlay (service life 11 years) is best approximated by a ten year 
analysis [personal communication, February 12, 2012]. The results include the volume/capacity 
ratio for different flow periods (peak, medium) and the amount of fuel consumed by each vehicle 
type. The total road agency and user costs for each interstates and state routes in Hamilton 
County are calculated. The total transport cost (addition of road agency and user costs) 
associated with maintenance options for a given road section is specified by geometric 
characteristics and environmental conditions. 
HPMA is used to determine the total maintenance needs required currently in Hamilton 
County. If these needs are dealt with immediately, this would reduce the needs in the future. The 
average performance trend based on pavement smoothness index (PSI), pavement distress index 
(PDI), and pavement quality index (PQI) for all sections are analyzed. This includes individual 
pavement sections deterioration curves under given maintenance options. The maintenance 
treatment required for each section and when the treatment needs to be applied are expressed by 
HPMA. The total cost required to take care of the total needs are included.  
Using both HDM-4 and HPMA, optimization analysis is performed using a budget 
constraint of one million dollars for interstates and two million dollars for state routes in 
Hamilton County. This budget is distributed among the sections that required immediate 
attention the first year and the sections which can wait until the next year.   
 
 
3.1 Data Input 
 
From the vehicle classification shown in Figure 3.1, passenger cars, single-unit (2-axle 
truck), and tractor trailers (multi-axle truck) are selected for this analysis since this vehicle fleet 
fairly represents the vehicle traffic seen in Hamilton County. TDOT provides the annual traffic 
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growth as 1.8% [personal communication, August 18, 2012]. The default values in HDM-4 are 
used for the basic vehicle fleet characteristics (physical, tires) because these values appropriately 
represented Hamilton County characteristics. The physical characteristics include passenger car 
space equivalent which accounts for the relative space taken up by the vehicle, the number of 
wheels per vehicle, and the number of axles per vehicle. For a passenger car, there are 4 wheels 
per vehicle, 2 axles per vehicle, and the passenger car space equivalent factor is 1. The tire 
characteristics include tire type (bias-ply, radial-ply), base number of recaps, and retread cost. 
Bias-ply tires are pneumatic tires that have crossed layers of ply cord running diagonally to the 
tread while radial-ply tires are pneumatic tires in which the ply cords extending to beads are laid 
at approximately right angles to the center line of the tread. Bias-ply tires are used on single-unit 
and tractor-trailers since these vehicles are subjected to carry heavy loads. On the other hand, 
radial-ply tires are used for vehicles that are expected to carry no cargo such as passenger cars. 
Retread, or recap is a previously worn tire which has gone through a remanufacturing process 
designed to extend its useful service life. The retread cost is taken as 15% of the tire cost. 
The utilization characteristics include annual kilometer driven, annual working hours, 
service life of the vehicle, percent of the time a vehicle is driven for private use, average number 
of passenger per vehicle, and percent of the time passengers use the vehicle for work-related 
trips. The default values for the utilization characteristics are used since these values represented 
Hamilton County conditions appropriately. For passenger cars, 23000 kilometer is driven 
annually: 100% use on private trips of which 75% is work-related. Loading characteristics 
include the equivalent single axle load (ESAL) factors for the vehicles: 0.0001 for cars, 0.7 for 
single unit, and 1.25 for tractor-trailer and the gross vehicle weight in tons. 
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Each vehicle economic unit cost is determined based on the current fuel, vehicle, and 
labor costs. A new passenger car average cost is 30,000 dollars [Federal Trade Commission, 
2012] and the replacement tire is approximately 97.97 dollars per tire [Welsh, 2009]. The 
prediction of the tire wear is affected by cost of the tire. For a single-unit vehicle, the cost of a 
new vehicle is 125,000 dollars [Commerical & Constuction Vehicles, 2013] and a replacement 
tire cost is 3500 dollars per tire [Yokohama Tire Corporation, 2009]. As for tractor-trailers, the 
cost of a new 18 wheeler 5 axle vehicle is 260,000 dollars [Truckers Report, 2013] and the 
replacement tire is approximately 2500 dollars per tire for an annual 125,000 mile operation 
[American Trucking Associations, 2008].  
 
 
 
 
Figure 3.1 Vehicle Classification 
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The economic cost for each vehicle fleet includes the fuel cost which is 3 dollars and 48 
cents per gallon [Tennessee Gas Prices, 2013] while the lubricating oil is 113 dollars per gallon 
[Grainger, 2013] based on current costs. The maintenance labor cost (cost per labor-hour of 
vehicle repairs and maintenance) in this analysis is 16 dollars and 70 cents per hour and crew 
wages (cost per crew-hour of vehicle operation) is 11 dollars and 88 cents per hour [BLS, 2012]. 
The average annual overhead for passenger cars (registration fees, personal property taxes, 
state/local gas tax, average annual gas expenditure) is 234 dollars and 40 cents per year [Idaho 
Transportation Department, 2011], single-unit is 14,227 dollars per year [Stucky, 2011], and 
tractor-trailer (fuel cost, driver salary, purchase cost for the tractor-trailer, repairs and 
maintenance, insurance, tires, permits, tolls and licensing) is 180,000 dollars per year [Whistler, 
2012]. The annual interest of 4% is provided by TDOT for this analysis [personal 
communication, November 6, 2012].  
The time value includes passenger working time, passenger non-working time, and cargo 
delay. Passenger working time (dollars per hour) includes the delay cost that occurs when 
performing work activities while passenger non-working time (dollars per hour) include delay 
costs that occur when performing non-work activities. The time values for passenger cars 
provided by the Transportation Research Board suggest that passenger working time is 21 dollars 
and 20 cents per hour and passenger non-working hours is 10 dollars and 60 cents per hour [TRB 
2000]. For heavier vehicles, the passenger working time is 25.00 dollars per hour and passenger 
non-working time is 10 dollars and 60 cents per hour. The cargo cost for single-unit carrying 15 
ton is provided as 75 dollars per hour [Tips for Shippers] and for tractor-trailer carrying 40 tons, 
the cargo cost is 120 dollars per hour [Tips for Shippers]. 
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Each interstate and state route is defined based on length, carriageway width, traffic flow, 
shoulder width, and surface class. Carriageway width is the width of the road including shoulders 
and auxiliary lanes devoted to the use of vehicles. A shoulder is the part of the highway that is 
next to the regularly traveled highway segment and is on the same level as the highway. The 
surface class is entered as bituminous since most of the interstates and state routes located in 
Hamilton County are treated with this material.  The geometry of each road section includes rise 
+ fall, superelevation, average horizontal curvature, acceleration noise due to driver and road 
alignment, posted speed limit, speed limit enforcement, and altitude. Rise plus fall is defined as 
“the sum of the absolute values of total vertical rise and total vertical fall of the original ground 
along the road alignments over the road section in either direction divided by the total section 
length” [World Bank, 2010, p 9]. This is shown in Figure 3.2 and can be calculated using 
Equation 10.  
 
 
 
Figure 3.2 Rise + Fall [World Bank, 2010] 
 
 
Rise plus Fall (m/km) =                                       Eq. 10 
Another geometric characteristic that is used to describe the road section is 
superelevation and acceleration noise. Superelevation of a curvy section is “the vertical distance 
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between the heights of the inner and outer edges of the road divided by the road width” [World 
Bank, 2010, p 10]. Acceleration noise provides an indication of the smoothness of traffic flow. 
The horizontal curvature is defined as the weighted average of the curvatures of the curvy 
sections of the road [World Bank, 2010, p. 9]. This is shown in Figure 3.3 and Equation 11 is 
used to calculate the curvature. TDOT provides the average curvature for interstates as 8 
degree/mi (5 degree/km) and 24 degree/mi (15 degree/km) for state routes [personal 
communication, August 20, 2012]. 
 
 
 
 
Figure 3.3 Horizontal Curvature [World Bank, 2010] 
 
 
 
Horizontal Curvature (deg/km) =                                       Eq. 11 
 
The altitude is also included within the geometric characteristics. Altitude is the average 
elevation of the road above the mean sea level [World Bank, 2010, p. 10]. This is used to 
compute the air resistance to the vehicle motion. There is no altitude for I-75 and SR 319. The 
posted speed limit needs to be specified, for example, 70 mph for I-75 and 45 mph for SR 319 
and the speed limit enforcement, which is the speed by which traffic travels above the posted 
speed limit under ideal conditions. The default value of 1.1 is used since this value indicates that 
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the traffic will travel up to 10 percent above the posted speed limit [World Bank, 2010, p. 10]. 
The default value of 1 for roadside friction is used since no side friction occurs. Roadside friction 
value is a speed reduction factor due to roadside activities such as bus stops [World Bank, 2010, 
p. 10]. The final characteristic specified for each section is motorized traffic. These road section 
data are gathered by TDOT using a vehicle equipped with laser sensors capable of capturing the 
measurements of each distress.  
For HDM-4, the two maintenance alternatives, overlay and micro-surfacing, are used. 
Their unit costs are 75,000 dollars per lane-mile (9.68 dollars per square meter) and 35,000 
dollars per lane-mile (4.52 dollars per square meter), respectively [TDOT, personal 
communication, September 18, 2012]. A lane-mile is defined as 12 feet × 5280 feet. There is 9 
square feet per square yard. In order to convert from square yard to square meter, a value of 1.1 
is multiplied. Various maintenance treatments applied in Tennessee roads and their costs per 
square feet (per square meter) are included in Table A.1 in Appendix A [TDOT, personal 
communication, September 18, 2012]. TDOT specifies that the maintenance should intervene 
when the roughness is 2 < IRI ≤ 3 in order to reduce costs [personal communication, January 24, 
2013].  
The default flow periods are used because these periods are similar to Hamilton County 
traffic flow. The default traffic flow distribution period is described in Table 3.1 and visually 
distributed in Figure 3.4. To take into account different levels of traffic congestion at different 
hours of the day, and on different days of the week and year, HDM-4 considers the number of 
hours of the year (traffic flow period) for which different hourly flows are applicable. The first 
flow period or the peak period accounts for 87.6 hour a year with an hourly volume of 0.09. The 
table specifies the percentage of annual traffic dedicated to the particular period categorized by 
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road classification. The roads are classified as seasonal, commuter and inter-urban. Seasonal 
roads are defined as one lane dirt road that is not maintained during the winter season. Commuter 
roads provide routes between suburbs to cities and inter-urban roads provide direct routes 
between cities. This flow period data provides the results regarding volume per capacity as well 
as fuel consumption.  
 
Table 3.1 Flow Distribution Data [World Bank, 2010] 
Period Description 
Hrs. 
per 
year 
Hourly 
Volume 
(pcse/ln/hr) 
Percentage of Annual Traffic on 
Each Period 
Seasonal 
Road 
Commuter 
Road 
Inter-Urban 
Road 
1 Peak 87.6 0.09 4.25 3.05 2.17 
2 Next to Peak 350.4 0.08 13.24 11.33 7.59 
3 Medium flow 613.2 0.07 16.60 16.55 11.64 
4 Next to Low 2978.4 0.05 40.32 56.26 40.24 
5 Overnight 4730.4 0.03 25.59 12.81 38.36 
 
 
 
Figure 3.4 Flow Distributions in HDM-4 
 
The speed flow characteristics include the ultimate capacity of the road which is the 
maximum number of vehicles that can pass a point in one hour. The ultimate capacity (Qult) for 
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local conditions is 2400 passenger car space equivalent per lane per hour (pcse/ln/hr) based on 
Level of Service (LOS) E at a free flow speed of 75 mph for a two lane road. Level of Service 
(LOS) E is defined as when the operation is unstable and at or near capacity. Densities vary 
depending on the free-flow speed. Vehicles operate at the minimum spacing for which uniform 
flow can be maintained. Disruptions cannot be easily dissipated and usually result in the 
formation of queues and the deterioration of service [Garber and Hoel, 2009, p. 426].  Figure 3.5 
shows the speed to hourly flow characteristics. The default free-flow capacity, nominal capacity, 
and jam speed at capacity are used since these values represent Hamilton County speed flow. 
The free flow capacity (Qo) occurs when traffic interactions are insignificant. Nominal capacity 
(Qnom) arises when the vehicle speeds begin to decrease at the same rate with the increase in 
traffic. Jam speed at capacity (Sult) is the vehicle speeds observed during ultimate capacity 
[World Bank, 2010, p. 11]. For Hamilton County conditions, 140 PCSE/lane/hour is the capacity 
when traffic is free flowing, 1260 PCSE/lane/hour is the nominal capacity when the speeds begin 
to decrease with the increase in traffic, and 25 kilometer/hour is considered the speed that occurs 
during ultimate capacity. The speed at nominal capacity (Snom) is calculated as 0.85 × minimum 
free speed. S1, S2, and S3 are the free flow speeds of different vehicle types [Archondo-Callao].  
 
45 
 
 
 
Figure 3.5 Capacity Characteristics 
 
 
The climate zone for Hamilton County is arid.  Arid is defined as having very low rainfall 
(50–200 mm in winter, 100–300 mm in summer) and high evaporation [Gratzfeld, 2003] which 
represents the climate conditions of Hamilton County accurately.  
In order to conduct the economic analysis, a discount rate of 4% is provided by TDOT 
[personal communication, November 6, 2012]. The costs are discounted at 4% in order to 
calculate the future value which measures how much a given sum of money is "worth" at a 
specified time in the future. 
Default calibration values are used because the values represented local conditions 
appropriately.  Calibration values, such as pavement deterioration, are adjusted to local condition 
to receive accurate pavement performance predictions.  
Detailed analysis is performed on two road sections, Interstate 75 Sequence 1 and State 
Route 319 Sequence 1 (Hixson Pike). These particular roadway sections are shown in Figures 
3.6 and 3.7. The term sequence is used in order to identify the particular road section. The route 
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located within Hamilton County is identified as Sequence 1. When the route leaves the county, 
then Sequence 2 is used.  
For HPMA, the data that is included are beginning mile to end mile, direction 
(southbound, northbound, etc.), length, bituminous surface class, carriageway width, distress 
type and severity for each road section, and traffic. Each road section of one mile is used.  A 
decision tree, shown in Figure 3.8, is created to specify that when Pavement Smoothness Index 
(PSI) or Pavement Distress Index (PDI) reaches the trigger value, the specified maintenance 
should be applied. For instance, if the PSI ≤ 2.5 and the PDI ≤ 2.5, then the pavement section 
needs to be reconstructed. If the PSI ≤ 2.5 but the PDI  2.5, then the section only requires mill 
and overlay.   
In both software packages for optimization analysis, the available budget of Hamilton 
County is one million dollars for interstates and two million dollars for state routes. The analysis 
period of ten years is applied for both types of software. 
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Figure 3.6 Interstate 75 Sequence 1 [TDOT, personal communication, December 17, 2012] 
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Figure 3.7 State Route 319 Sequence 1 (Hixson Pike) [TDOT, personal communication, December 17, 2012] 
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Figure 3.8 Decision Tree Used in HPMA 
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CHAPTER IV 
 
RESULTS & DATA ANALYSIS 
 
 
4.1 Data Input 
 This study uses HDM-4 and HPMA software packages to manage the funds available for 
pavement maintenance in Hamilton County, TN. The two software packages require different 
sets of data inputs.  
 
4.1.1 HDM-4 
The data that is input into HDM-4 is shown in Table 4.1.  
 
Table 4.1 HDM-4 Data Inputs 
 
HDM-4 
Vehicle Fleets 
Passenger Car 
Annual Traffic Growth Rate 1.8% 
Basic Characteristics 
Physical Tires 
Passenger Car Space 
Equivalents factor (PCSE) 
1 Tire type Radial-ply 
Number of wheels per vehicle 4 
Base number of recaps per tire 
carcass 
1.3 
Number of Axles per vehicle 2 
Retread Cost as a percentage of 
tire cost 
15% 
Utilization 
Annual km driven  23000 km 
Percentage of vehicle use on 
private trips 
100% 
Working hours 550 hours 
Average number of passengers per 
vehicle 
1 persons 
Average vehicle service life 10 years 
Percentage of passenger trips 
which are work related 
75% 
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Table 4.1 (continued) HDM-4 Data Inputs 
HDM-4 
Vehicle Fleets 
Passenger Car 
Loading 
ESALF 0 Operating weight 1.2 tons 
Economic Unit Costs 
Vehicle Resources 
New Vehicle $30,000 Maintenance Labor ($/hr) $16.70 per hour 
Replacement tire ($/tire) $97.97 Crew wages ($/hr) $11.88 per hour 
Fuel ($/liter) $0.92 per liter Annual overhead $234.40 
Lubricating oil ($/liter) $30 per liter Annual interest (%) 4% 
Time Value 
Passenger working time 
($/hr) 
$21.20 per 
hour 
Cargo ($/hr) 0 
Passenger non-working 
time ($/hr) 
$10.60 per 
hour 
 
Single-unit 
Basic Characteristics 
Physical Tires 
Passenger Car Space 
Equivalents factor (PCSE) 
1.4 Tire type Bias-ply 
Number of wheels per 
vehicle 
6 
Base number of recaps per 
tire carcass 
1.3 
Number of Axles per 
vehicle 
2 
Retread Cost as a 
percentage of tire cost 
15% 
Utilization 
Annual km driven  40000 km 
Percentage of vehicle use 
on private trips 
0% 
Working hours 1200 hours 
Average number of 
passengers per vehicle 
0 persons 
Average vehicle service life 12 years 
Percentage of passenger 
trips which are work related 
100% 
Loading 
ESALF 0.7 Operating weight 7.5 tons 
Economic Unit Costs 
Vehicle Resources 
New Vehicle $125,000 Maintenance Labor ($/hr) $16.70 per hour 
Replacement tire ($/tire) $3,500 Crew wages ($/hr) $11.88 per hour 
Fuel ($/liter) $0.92 per liter Annual overhead $14,227 
Lubricating oil ($/liter) $30 per liter Annual interest (%) 4% 
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Table 4.1 (continued) HDM-4 Data Inputs 
HDM-4 
Vehicle Fleets 
Single-unit 
Time Value 
Passenger working time 
($/hr) 
$25 per hour 
Cargo ($/hr) $75 per hour 
Passenger non-working 
time ($/hr) 
$10.60 per hour 
 
Tractor-Trailer 
Basic Characteristics 
Physical Tires 
Passenger Car Space 
Equivalents factor 
(PCSE) 
1.6 Tire type Bias-ply 
Number of wheels per 
vehicle 
10 
Base number of recaps per 
tire carcass 
1.3 
Number of Axles per 
vehicle 
3 
Retread Cost as a 
percentage of tire cost 
15% 
Utilization 
Annual km driven  86,000 km 
Percentage of vehicle use on 
private trips 
0% 
Working hours 2,050 hours 
Average number of 
passengers per vehicle 
0 persons 
Average vehicle service 
life 
14 years 
Percentage of passenger 
trips which are work related 
100% 
Loading 
ESALF 1.25 Operating weight 13 tons 
Economic Unit Costs 
Vehicle Resources 
New Vehicle $260,000 Maintenance Labor ($/hr) $16.70 per hour 
Replacement tire ($/tire) $2,500 Crew wages ($/hr) $11.88 per hour 
Fuel ($/liter) $0.92 per liter Annual overhead $180,000 
Lubricating oil ($/liter) $30 per liter Annual interest (%) 4% 
Time Value 
Passenger working time 
($/hr) 
$25 per hour 
Cargo ($/hr) $75 per hour 
Passenger non-working 
time ($/hr) 
$10.60 per hour 
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Table 4.1 (continued) HDM-4 Data Inputs 
HDM-4 
Traffic Flow Pattern 
Shown in Table 3.1, Figure 3.4 
Speed Flow Pattern 
Capacity Characteristics 
Ultimate Capacity (Qult) 2400 PCSE/lane/hr  
Free-flow capacity (Qo) 140 PCSE/lane/hr  
Nominal Capacity (Qnom) 1260 PCSE/lane/hr  
Jam speed at capacity (Sult) 25 km/hr  
Climate Zones 
Moisture Classification Arid  
Section Aggregate Tables 
Parameters from Table 2.1, 2.2, 2.3, 2.4, and 2.5 are inserted 
Road Networks 
Definition Definition 
I-75 Southbound Hamilton County Sequence 1 
SR 319 Northbound Hamilton County 
Sequence 1 
Length 4.3 km Length 34.30 km 
Carriageway Width 14.63 m Carriageway Width 7.32 m 
Shoulder Width 3 m Shoulder Width 1 m 
Flow Direction 
One-way 
downhill 
Flow Direction Two-way 
Surface Class Bituminous Surface Class Bituminous 
Road Class Primary or trunk Road Class 
Secondary or 
main 
Geometry Geometry 
Rise + Fall 10 m/km Rise + Fall 10 m/km 
Number of rises + falls 2 no./km Number of rises + falls 2 no./km 
Superelevation 2.50% Superelevation 2.5% 
Average horizontal curvature 5 deg./km 
Average horizontal 
curvature 
15 deg./km 
Acceleration noise due to 
driver and road alignment 
(m/s
2
) 
0.1 m/s
2
 
Acceleration noise due to 
driver and road alignment 
(m/s
2
) 
0.1 m/s
2
 
Speed limit 113 km/h Speed limit 72 km/h 
Speed limit enforcement 1.1 Speed limit enforcement 1.1 
Altitude 0 m Altitude 0 m 
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Table 4.1 (continued) HDM-4 Data Inputs 
HDM-4 
I-75 Southbound Hamilton County Sequence 1 
SR 319 Northbound Hamilton County 
Sequence 1 
Speed Reduction Factors Speed Reduction Factors 
Road side friction 1 Road side friction 1 
Pavement Pavement 
Surfacing Surfacing 
Most recent surfacing 
thickness 
50 mm 
Most recent surfacing 
thickness 
25 mm 
Previous/old surfacing 
thickness 
50 mm 
Previous/old surfacing 
thickness 
25 mm 
Previous works Previous works 
Last reconstruction or 
new construction 
1994 
Last reconstruction or 
new construction 
2000 
Last rehabilitation 
(overlay) 
1994 
Last rehabilitation 
(overlay) 
2005 
Last resurfacing 1994 Last resurfacing 2005 
Last preventative 
treatment 
1994 
Last preventative 
treatment 
2005 
Motorized Traffic (AADT) Motorized Traffic (AADT) 
car 47,420.10 car 12,513.40 
Single-unit 521.1 Single-unit 140.6 
Tractor-Trailer 4,168.80 Tractor-Trailer 1,406.00 
Work Standards 
Maintenance Standards 
Micro-surfacing 
Intervention 2 < IRI ≤  3  
Costs $4.52 per m
2
  
Overlay 
Intervention 2 ≤ IRI < 3  
Costs $9.68 per m
2
  
Budget Constraint 
$1,000,000 for Interstates 
$2,000,000 for State Routes 
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4.1.2 HPMA 
In Table 4.2, the data that is required by HPMA software are shown. 
 
Table 4.2 HPMA Data Inputs 
HPMA 
I-75 Southbound Hamilton County Sequence 1 SR 319 Hamilton County Sequence 1 
Length 2.5 mi Length 21.21 mi 
Carriageway Width 48 ft Carriageway Width 24 ft 
Shoulder Width 9.8 ft Shoulder Width 3.28 ft 
Surface Class Bituminous Surface Class Bituminous 
Road Class Primary or trunk Road Class 
Secondary or 
main 
Surface Distress and Severity 
Previous works Previous works 
Last reconstruction or 
new construction 
1994 
Last reconstruction or 
new construction 
2000 
Last rehabilitation 
(overlay) 
1994 
Last rehabilitation 
(overlay) 
2005 
Last resurfacing 1994 Last resurfacing 2005 
Last preventative 
treatment 
1994 
Last preventative 
treatment 
2005 
Motorized Traffic (AADT) Motorized Traffic (AADT) 
car 47,420.10 car 12,513.40 
Single-unit 521.1 Single-unit 140.6 
Tractor-Trailer 4,168.80 Tractor-Trailer 1,406.00 
Maintenance Standards 
Intervention 
PSI ≤ 2.5 
PDI ≤ 2.5 
Costs Table A.1 
Budget Constraint 
$1,000,000 for Interstates 
$2,000,000 for State Routes 
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4.2 Results 
 
4.2.1 HDM-4 
 
  The data required by HDM-4 is entered manually. The data includes surface class, 
pavement type, length, traffic flow, shoulder width, speed flow type, traffic flow pattern, climate 
zone, road class, and Average Annual Daily Traffic (AADT). Two alternatives are selected for 
each section: overlay maintenance and micro-surfacing. The project analysis is then conducted 
on HDM-4 for 10 years. Interstate 75 and SR 319 (Hixson Pike) of Hamilton County are selected 
to demonstrate these results.  
A passenger car, two axle single unit truck, and a tractor trailer (multi-axle truck) are 
entered in HDM-4. As shown in Figure 4.1, the total AADT for each vehicle fleet described (car, 
single unit, tractor trailer) reflects the 1.8% annual growth rate inserted in HDM-4.  
 
 
Figure 4.1 Total AADT with 1.8% Annual Growth Rate 
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The volume/capacity ratio in I-75 during the five flow periods are shown in Figure 4.2. 
For I-75, the volume/capacity ratio (VCR) in the flow periods 2, 3, 4, and 5 will increase 
gradually over the years. The peak volume is defined as the flow rate during the peak 15 minute 
period [Garber and Hoel, 2009, p. 391]. This ratio is used to measure capacity sufficiency. Period 
1 or during the peak hours, the results show a maximum of 1 for the volume/capacity ratio. This 
implies that the volume will equal the capacity during the analysis period while the other flow 
periods volume equals a fraction of the capacity. The operating characteristics may be improved 
by changing the roadway geometrics. On the other hand, TDOT Planning Department provides 
the volume/capacity ratio for 2012 on I-75 Southbound section as 0.73 [personal communication, 
February 21, 2012]. This implies that the speeds are at or near the free flow speed and freedom to 
maneuver is noticeable (LOS C) [Garber and Hoel, 2009, p. 426]. Period 2 shows that by 2017, 
the VCR will have reached the maximum. The overnight traffic (period 5) has the lowest 
volume-capacity ratio (approximately 0.32) in 2012.  
As for SR 319, better known as Hixson Pike, the volume/capacity ratio during all five 
periods will increase gradually over the years as shown in Figure 4.3. The volume/capacity ratio 
during the peak period is predicted to be 0.28 in 2012. TDOT Planning Department provides the 
volume/capacity ratio for SR 319 Northbound in 2012 as 0.2 [personal communication, February 
21, 2012]. Both volume/capacity ratio results provided by HDM-4 and TDOT Planning 
Department imply that travel conditions are completely free flow (LOS A) [Garber and Hoel, 
2009, p. 426]. 
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Figure 4.2 Volume/Capacity ratios for I-75 
 
 
 
 
Figure 4.3 Volume/Capacity ratios for SR 319 
V
o
lu
m
e 
C
a
p
a
ci
ty
 R
a
ti
o
 (
V
C
R
) 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 0.3 Year 
59 
 
 
In Figure 4.4, the average roughness in I-75, a primary road, deteriorates but remains 
within “very good” (< 2.5) region if either overlay or micro-surfacing is applied. Table 2.1 (see 
page 19) describes the parameters for roughness. The roughness in Figure 4.5 for SR 319, a 
secondary road, shows that if either overlay or micro-surfacing is applied, then the road section 
will remain within “good” (2.0 – 3.0) condition.   
 
 
 
Figure 4.4 Average Roughness for I-75 
 
Average Roughness 
Section: I-75 Southbound Direction Hamilton County Sequence 1 
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Figure 4.5 Average Roughness for SR 319 
 
 
The total damaged surface includes cracking, potholes, edge break, and raveling. Defects 
take time to occur on pavements. In HDM-4, a defect will have an initiation phase (a time delay 
before a defect occurs), for instance, the time before cracking occurs. The time is a function of 
the level of traffic, axle loads and a number of other pavements attribute, for example, pavement 
strength [TRL Software, personal communication, October 8, 2012].  
The intervention 2 < IRI ≤ 3 placed for both maintenance alternatives suggest that when 
roughness falls within this range, the maintenance alternative should be applied. This roughness 
constraint is placed by TDOT in order to prevent the increase in maintenance cost. Although, 
according to Table 2.1, this constraint is within good condition, the pavement sections are still 
maintained before the sections result in poor condition. If the pavement roughness falls within 
the fair to poor range, the cost increases drastically. The cost would no longer be the cost of 
maintenance, now the cost of reconstruction might have to be considered.  
Average Roughness 
Section: SR 319 Northbound Direction Hamilton County Sequence 1 
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The pavement condition for I-75, shown in Table 4.3, includes cracking percentages, rut 
depth, texture depth, and skid resistance. For I-75, a primary road, and SR 319, a secondary road, 
it is found that some defects occur before any maintenance (overlay or micro-surfacing) is 
applied but they are treated immediately since the roughness falls within the range (2 < 
roughness ≤ 3 ). 
Based on the parameters described in Section 2.6 of this thesis, if the overlay alternative 
is applied, then the pavement will remain in good condition. For the micro-surfacing alternative 
in Table 4.4, I-75 seems to fall in the good condition region for skid resistance and texture depth 
based on Table 2.4 parameters. As for rut depth, the results indicate that it is within the good 
region but slowly reaches the fair region (5 mm) based on Table 2.3. The structural cracking and 
roughness are predicted to remain in good condition. The parameters for the surface distresses 
are given in Table 2.2 and the roughness in Table 2.1. 
The pavement condition for SR 319 is described in Table 4.5. Based on all the 
parameters, the overlay alternative seem to show that the pavement will remain in good 
condition if applied. In Table 4.6, the micro-surfacing alternative, SR 319 seems to fall in the 
good region for skid resistance and texture depth based on their parameters. The texture depth as 
shown in Table 4.6 is approximately 0.70 which according to the parameters in Table 2.4 seems 
to be within the good region. The skid resistance of 0.5 is in good range. As for rut depth, it is in 
good region (2 mm) but slowly reaches the fair region (5 mm) based on Table 2.3. The structural 
cracking is predicted to remain in good condition. 
 Based on the pavement condition results, it can be concluded that micro-surfacing may 
cost less; however, this maintenance option does not necessarily improve all the distresses such 
as rut depth. Even though micro-surfacing is applied in 2012, signs of structural cracking and 
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raveling appear the following year. On the other hand, using overlay improves the roadway 
section significantly where structural cracking and rut depth remains in good condition 
throughout the analysis period.  
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Table 4.3 Pavement Condition Summary for I-75 if Overlay is applied  
 
 
Section: I-75 Southbound Direction Hamilton County Sequence 1 
Alternative: Overlay 
Length: 4.30 km Width: 14.63 m Rise + Fall: 10.00 m/km Curvature: 5.00 deg/km Road Class: Primary or trunk 
Bituminous Pavement 
End of Year Condition 
Year 
MT 
AADT 
ESAL 
(millions/E 
lane) 
 
Pavement 
Type 
Cracking Area (%) 
Ravelled 
Area 
(%) 
Potholes 
Edge-
break 
Area 
(m/km) 
Rutting 
Texture 
Depth 
(mm) 
Skid 
Resistance All 
Structural 
Wide 
Structural 
Transverse 
Thermal 
Total 
Cracking 
Number 
per km 
Area 
(%) 
Mean 
Rut 
Depth 
(mm) 
2012 52110 1.02 
Before works AMAP 1 0 0 1 4 0 0.0 0 2.2 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 0.3 0.70 0.55 
2013 53048 1.04 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.5 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.70 0.55 
2014 54003 1.05 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2015 54975 1.07 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2016 55964 1.09 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2017 56972 1.11 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2018 57997 1.13 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2019 59041 1.15 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2020 60104 1.17 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2021 61186 1.19 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.67 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
                
AMAP = Asphalt Mix Asphalt Pavement 
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Table 4.4 Pavement Condition Summary for I-75 if Micro-surfacing is applied  
Section: I-75 Southbound Direction Hamilton County Sequence 1 
Alternative: Micro-Surfacing 
Length: 4.30 km Width: 14.63 m Rise + Fall: 10.00 m/km Curvature: 5.00 deg/km 
Road Class: Primary or 
trunk 
Bituminous Pavement 
End of Year Condition 
Year 
MT 
AADT 
ESAL 
(millions/E 
lane) 
 
Pavement 
Type 
Cracking Area (%) 
Ravelled 
Area 
(%) 
Potholes 
Edge-
break 
Area 
(m/km) 
Rutting 
Texture 
Depth 
(mm) 
Skid 
Resistance All 
Structural 
Wide 
Structural 
Transverse 
Thermal 
Total 
Cracking 
Number 
per km 
Area 
(%) 
Mean 
Rut 
Depth 
(mm) 
2012 52110 1.02 
Before works AMAP 1 0 0 1 4 0 0.0 0 2.2 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 2.2 0.67 0.49 
2013 53048 1.04 
Before works AMAP 1 0 0 1 2 0 0.0 0 2.4 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 2.4 0.67 0.49 
2014 54003 1.05 
Before works AMAP 1 0 0 1 2 0 0.0 0 2.6 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 2.6 0.67 0.49 
2015 54975 1.07 
Before works AMAP 1 0 0 1 2 0 0.0 0 2.8 0.67 0.48 
After works AMAP 0 0 0 0 0 0 0.0 0 2.8 0.67 0.48 
2016 55964 1.09 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.0 0.67 0.48 
After works AMAP 0 0 0 0 0 0 0.0 0 3.0 0.67 0.48 
2017 56972 1.11 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.2 0.67 0.48 
After works AMAP 0 0 0 0 0 0 0.0 0 3.2 0.67 0.48 
2018 57997 1.13 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.4 0.67 0.47 
After works AMAP 0 0 0 0 0 0 0.0 0 3.4 0.67 0.47 
2019 59041 1.15 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.6 0.67 0.47 
After works AMAP 0 0 0 0 0 0 0.0 0 3.6 0.67 0.47 
2020 60104 1.17 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.8 0.67 0.47 
After works AMAP 0 0 0 0 0 0 0.0 0 3.8 0.67 0.47 
2021 61186 1.19 
Before works AMAP 1 0 0 1 2 0 0.0 0 4.0 0.67 0.47 
After works AMAP 0 0 0 0 0 0 0.0 0 4.0 0.67 0.47 
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Table 4.5 Pavement Condition Summary for SR 319 if Overlay is applied 
 
 
Section: State Route 319 Northbound Direction Hamilton County Sequence 1 
Alternative: Overlay 
Length: 34.30 km Width: 7.32 m Rise + Fall: 10.00 m/ km Curvature: 15.00 deg/km 
Road Class: Secondary 
or trunk 
Bituminous Pavement 
End of Year Condition 
Year 
MT 
AADT 
ESAL 
(millions/E 
lane) 
 
Pavement 
Type 
Cracking Area (%) 
Ravelled 
Area 
(%) 
Potholes 
Edge-
break 
Area 
(m/km) 
Rutting 
Texture 
Depth 
(mm) 
Skid 
Resistance All 
Structural 
Wide 
Structural 
Transverse 
Thermal 
Total 
Cracking 
Number 
per km 
Area 
(%) 
Mean 
Rut 
Depth 
(mm) 
2012 14060 0.34 
Before works AMAP 1 0 0 1 4 0 0.0 0 2.3 0.68 0.50 
After works AMAP 0 0 0 0 0 0 0.0 0 0.3 0.70 0.55 
2013 14313 0.34 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.6 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.70 0.55 
2014 14571 0.35 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.3 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2015 14833 0.36 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2016 15100 0.36 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2017 15372 0.37 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2018 15648 0.38 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.2 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2019 15930 0.38 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2020 16217 0.39 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
2021 16509 0.40 
Before works AMAP 0 0 0 0 0 0 0.0 0 0.1 0.68 0.55 
After works AMAP 0 0 0 0 0 0 0.0 0 0.0 0.70 0.55 
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Table 4.6 Pavement Condition Summary for SR 319 if Micro-surfacing is applied 
 
 
Section: State Route 319 Northbound Direction Hamilton County Sequence 1 
Alternative: Micro-surfacing 
Length: 34.30 km Width: 7.32 m Rise + Fall: 10.00 m/ km Curvature: 15.00 deg/km 
Road Class: Secondary 
or trunk 
Bituminous Pavement 
End of Year Condition 
Year 
MT 
AADT 
ESAL 
(millions/E 
lane) 
 
Pavement 
Type 
Cracking Area (%) 
Ravelled 
Area 
(%) 
Potholes 
Edge-
break 
Area 
(m/km) 
Rutting 
Texture 
Depth 
(mm) 
Skid 
Resistance All 
Structural 
Wide 
Structural 
Transverse 
Thermal 
Total 
Cracking 
Number 
per km 
Area 
(%) 
Mean 
Rut 
Depth 
(mm) 
2012 14060 0.34 
Before works AMAP 1 0 0 1 4 0 0.0 0 2.3 0.68 0.50 
After works AMAP 0 0 0 0 0 0 0.0 0 2.3 0.68 0.50 
2013 14313 0.34 
Before works AMAP 1 0 0 1 0 0 0.0 0 2.5 0.67 0.50 
After works AMAP 0 0 0 0 0 0 0.0 0 2.5 0.67 0.50 
2014 14571 0.35 
Before works AMAP 1 0 0 1 0 0 0.0 0 2.8 0.67 0.50 
After works AMAP 0 0 0 0 0 0 0.0 0 2.8 0.67 0.50 
2015 14833 0.36 
Before works AMAP 1 0 0 1 0 0 0.0 0 3.0 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 3.0 0.67 0.49 
2016 15100 0.36 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.3 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 3.3 0.67 0.49 
2017 15372 0.37 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.6 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 3.6 0.67 0.49 
2018 15648 0.38 
Before works AMAP 1 0 0 1 2 0 0.0 0 3.8 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 3.8 0.67 0.49 
2019 15930 0.38 
Before works AMAP 1 0 0 1 2 0 0.0 0 4.1 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 4.1 0.67 0.49 
2020 16217 0.39 
Before works AMAP 1 0 0 1 2 0 0.0 0 4.3 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 4.3 0.67 0.49 
2021 16509 0.40 
Before works AMAP 1 0 0 1 2 0 0.0 0 4.6 0.67 0.49 
After works AMAP 0 0 0 0 0 0 0.0 0 4.6 0.67 0.49 
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 Vehicle fuel consumption depends on pavement condition. If the pavement is in good 
condition, then the vehicles will consume less fuel. However, as the pavement deteriorates 
resulting in an increase in roughness and surface distresses, the fuel consumption increases. 
Another reason for increase in fuel consumption is during roadway construction/repair. Lane 
closures during pavement maintenance force traffic to travel under stop-and-go conditions 
resulting in higher fuel consumption. A solution to this problem is to perform roadway repairs 
during off-peak periods. Another method in reducing fuel consumption is to travel at the posted 
speed limit and reduce idling time. When a vehicle is at rest with the engine on, one gallon per 
hour of gas can be consumed. Traveling at the speed limit will allow a 14% savings in fuel 
consumption [LiveViewGPS, 2012].  While each vehicle reaches its minimum fuel consumption 
at a different speed or range of speeds, fuel consumption usually increases rapidly at speeds 
above 50 mph [U.S. Department of Energy, 2013].  
Table 4.7 (a) shows the 10 year fuel consumption in gallon per 1000 vehicle miles (liters 
per 1000 vehicle-kilometers) for passenger cars on I-75. Both overlay and micro-surfacing 
alternatives provide very similar results. The fuel consumption in 2012 is estimated to be 
approximately 50.54 gallons per 1000 veh-mi of fuel for passenger cars during the peak hours. 
This is because of the stop-and-go traffic experienced during peak hours. Since less traffic exists 
during Periods 2, 3, and 4, this allows the vehicles the ability to travel continuously without 
interruption resulting in lower fuel consumption. During the overnight period or Period 5, each 
vehicle can travel at higher speeds since no congestion occurs overnight resulting in higher fuel 
consumption.  Approximately the same values occur over the analysis period.  Table 4.7 (b) and 
(c) show the results for single-unit and tractor-trailer.  
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Table 4.7 (a) Fuel Consumption on I-75 for Passenger Cars 
 Gallon per 1000 veh-mi (Liters per 1000 veh-km) 
Year Period 1 Period 2 Period 3 Period 4 Period 5 
Car 
2012 50.54 (118.98) 39.63 (93.29) 33.88 (79.77) 35.38 (83.30) 41.30 (97.22) 
2013 50.55 (119.00) 40.98 (96.48) 34.31 (80.78) 34.99 (82.37) 41.13 (96.83) 
2014 50.55 (119.01) 42.85 (100.87) 34.82 (81.97) 34.62 (81.50) 40.96 (96.43) 
2015 50.56 (119.02) 45.10 (106.18) 35.48 (83.52) 34.28 (80.71) 40.78 (96.01) 
2016 50.56 (119.03) 47.83 (112.61) 36.26 (85.37) 34.01 (80.06) 40.60 (95.58) 
2017 50.56 (119.04) 50.56 (119.04) 36.39 (85.67) 33.66 (79.24) 40.41 (95.14) 
2018 50.57 (119.05) 50.57 (119.05) 38.17 (89.87) 33.30 (78.39) 40.22 (94.68) 
2019 50.57 (119.06) 50.57 (119.06) 39.48 (92.95) 32.92 (77.51) 40.03 (94.23) 
2020 50.58 (119.07) 50.58 (119.07) 41.05 (96.64) 32.66 (76.90) 39.82 (93.75) 
2021 50.58 (119.07) 50.58 (119.07) 42.90 (100.99) 32.61 (76.77) 39.62 (93.27) 
 
 
 
 
Table 4.7 (b) Fuel Consumption on I-75 for Single Unit 
 Gallon per 1000 veh-mi (Liters per 1000 veh-km) 
 Year Period 1 Period 2 Period 3 Period 4 Period 5 
Single 
Unit 
2012 64.60 (152.09) 56.86 (133.87) 60.71 (142.92) 68.73 (161.81) 78.44 (184.66) 
2013 64.64 (152.19) 57.48 (135.33) 60.30 (141.95) 68.68 (161.69) 78.19 (184.07) 
2014 64.67 (152.26) 58.49 (137.71) 59.89 (140.99) 68.28 (160.75) 77.92(183.44) 
2015 64.70 (152.33) 60.10 (141.48) 59.39 (139.83) 67.93 (159.93) 77.65 (182.81) 
2016 64.73 (152.39) 62.30 (146.68) 58.93 (138.74) 67.33 (158.52) 77.38 (182.17) 
2017 64.76 (152.45) 64.76 (152.45) 56.41 (132.80) 66.04 (155.47) 77.10 (181.52) 
2018 64.78 (152.50) 64.78 (152.50) 56.53 (133.09) 64.49 (151.83) 76.81 (180.83) 
2019 64.80 (152.55) 64.80 (152.55) 57.00 (134.19) 63.26 (148.92) 76.53 (180.17) 
2020 64.82 (152.60) 64.82 (152.60) 57.68 (135.80) 62.94 (148.17) 76.24 (179.50) 
2021 64.83 (152.63) 64.83 (152.63) 58.67 (138.13) 63.72 (150.02) 75.95 (178.80) 
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Table 4.7 (c) Fuel Consumption on I-75 for Tractor Trailer 
 Gallon per 1000 veh-mi (Liters per 1000 veh-km) 
 Year Period 1 Period 2 Period 3 Period 4 Period 5 
Tractor- 
trailer 
2012 
196.10 
(461.68) 
156.05 
(367.38) 
143.69 
(338.29) 
145.73 
(343.08) 
161.69 
(380.65) 
2013 
196.17 
(461.84) 
160.52 
(377.91) 
144.99 
(341.34) 
145.57 
(342.72) 
161.36 
(379.88) 
2014 
196.22 
(461.96) 
167.07 
(393.32) 
146.05 
(343.83) 
144.42 
(340.01) 
161.01 
(379.07) 
2015 
196.27 
(462.06) 
175.33 
(412.77) 
147.33 
(346.86) 
143.32 
(337.42) 
160.67 
(378.26) 
2016 
196.31 
(462.16) 
185.77 
(437.35) 
149.18 
(351.20) 
142.65 
(335.83) 
160.33 
(377.45) 
2017 
196.34 
(462.24) 
196.34 
(462.24) 
146.40 
(344.66) 
141.21 
(332.45) 
159.98 
(376.64) 
2018 
196.38 
(462.32) 
196.38 
(462.32) 
151.81 
(357.41) 
139.44 
(328.28) 
159.63 
(375.81) 
2019 
196.41 
(462.40) 
196.41 
(462.40) 
155.82 
(366.83) 
137.51 
(323.74) 
159.31 
(375.05) 
2020 
196.44 
(462.48) 
196.44 
(462.48) 
160.93 
(378.86) 
136.97 
(322.47) 
158.98 
(374.27) 
2021 
196.46 
(462.52) 
196.46 
(462.52) 
167.40 
(394.11) 
138.60 
(326.29) 
158.63 
(373.45) 
 
 
The 10 year amount of fuel consumption in gallons per 1000 vehicle-miles (liters per 
1000 vehicle-kilometers) for passenger cars on SR 319 is shown in Table 4.8 (a). Both overlay 
and micro-surfacing alternatives provide very similar results. Table 4.8 (a) show that the fuel 
consumption during Period 1, 2, 3, and 4 is approximately 36 gallons per 1000 veh-mi since 
stops in SR 319 is primarily due to traffic lights. Traffic on SR 319 throughout the day is 
continuously flowing only stopping for traffic signals and for vehicles exiting the road result ing 
in similar fuel consumption values during periods 1, 2, 3, and 4. Slightly higher fuel 
consumption occurs during overnight hours because vehicles have the ability to operate at higher 
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speeds since less traffic exists overnight and also due to vehicle stops at traffic signals. The fuel 
consumption results for single-unit in Table 4.8 (b) and tractor-trailer in Table 4.8 (c) show 
similar performance.   
 
 
Table 4.8 (a) Fuel Consumption on SR 319 for Passenger Cars 
 
 Gallons per 1000 veh-mi (Liters per 1000 veh-km) 
 Year Period 1 Period 2 Period 3 Period 4 Period 5 
car 
2012 36.05 (84.87) 36.22 (85.27) 36.39 (85.68) 36.80 (86.63) 37.28 (87.76) 
2013 36.03 (84.83) 36.21 (85.24) 36.39 (85.66) 36.78 (86.60) 37.28 (87.76) 
2014 36.01 (84.78) 36.19 (85.20) 36.37 (85.62) 36.77 (86.57) 37.27 (87.74) 
2015 35.99 (84.73) 36.17 (85.16) 36.35 (85.58) 36.76 (86.54) 37.26 (87.73) 
2016 35.96 (84.67) 36.15 (85.11) 36.33 (85.54) 36.74 (86.50) 37.26 (87.71) 
2017 35.94 (84.62) 36.13 (85.06) 36.32 (85.50) 36.72 (86.46) 37.25 (87.69) 
2018 35.91 (84.55) 36.11 (85.01) 36.30 (85.46) 36.71 (86.43) 37.24 (87.67) 
2019 35.89 (84.49) 36.08 (84.95) 36.28 (85.41) 36.70 (86.39) 37.23 (87.64) 
2020 35.86 (84.42) 36.06 (84.89) 36.26 (85.36) 36.68 (86.35) 37.21 (87.61) 
2021 35.82 (84.34) 36.03 (84.82) 36.23 (85.30) 36.66 (86.30) 37.20 (87.58) 
 
 
 
Table 4.8 (b) Fuel Consumption on SR 319 for Single Unit 
 
 Gallons per 1000 veh-mi (Liters per 1000 veh-km) 
 Year Period 1 Period 2 Period 3 Period 4 Period 5 
Single 
Unit 
2012 75.69 (178.20) 76.32 (179.68) 76.98 (181.23) 78.37 (184.51) 79.85 (187.98) 
2013 75.63 (178.06) 76.27 (179.56) 76.94 (181.13) 78.35 (184.45) 79.85 (187.99) 
2014 75.57 (177.90) 76.21 (179.41) 76.88 (181.00) 78.31 (184.37) 79.84 (187.96) 
2015 75.49 (177.72) 76.14 (179.25) 76.82 (180.85) 78.27 (184.27) 79.82 (187.92) 
2016 75.41 (177.53) 76.06 (179.07) 76.75 (180.70) 78.22 (184.16) 79.80 (187.87) 
2017 75.32 (177.33) 75.99 (178.89) 76.69 (180.54) 78.18 (184.05) 79.77 (187.81) 
2018 75.24 (177.13) 75.91 (178.71) 76.61 (180.37) 78.13 (183.93) 79.75 (187.75) 
2019 75.15 (176.93) 75.82 (178.51) 76.54 (180.19) 78.07 (183.80) 79.72 (187.69) 
2020 75.06 (176.72) 75.74 (178.30) 76.46 (180.00) 78.01 (183.65) 79.69 (187.60) 
2021 74.96 (176.48) 75.63 (178.06) 76.36 (179.78) 77.94 (183.48) 79.64 (187.49) 
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Table 4.8 (c) Fuel Consumption on SR 319 for Tractor Trailer 
 Gallons per 1000 veh-mi (Liters per 1000 veh-km) 
 Year Period 1 Period 2 Period 3 Period 4 Period 5 
Tractor 
Trailer 
2012 
158.98 
(374.28) 
160.20 
(377.16) 
161.42 
(380.02) 
163.91 
(385.88) 
166.64 
(392.31) 
2013 
158.85 
(373.97) 
160.10 
(376.91) 
161.33 
(379.82) 
163.86 
(385.76) 
166.63 
(392.29) 
2014 
158.69 
(373.60) 
159.97 
(376.61) 
161.23 
(379.57) 
163.79 
(385.60) 
166.60 
(392.23) 
2015 
158.52 
(373.20) 
159.83 
(376.28) 
161.11 
(379.30) 
163.71 
(385.42) 
166.57 
(392.15) 
2016 
158.34 
(372.77) 
159.68 
(375.93) 
160.99 
(379.01) 
163.63 
(385.22) 
166.53 
(392.05) 
2017 
158.15 
(372.32) 
159.52 
(375.56) 
160.86 
(378.70) 
163.54 
(385.01) 
166.48 
(391.93) 
2018 
157.95 
(371.85) 
159.36 
(375.18) 
160.72 
(378.38) 
163.44 
(384.79) 
166.43 
(391.81) 
2019 
157.74 
(371.36) 
159.19 
(374.78) 
160.58 
(378.05) 
163.35 
(384.56) 
166.38 
(391.69) 
2020 
157.50 
(370.80) 
159.00 
(374.33) 
160.42 
(377.67) 
163.23 
(384.29) 
166.30 
(391.51) 
2021 
157.25 
(370.21) 
158.79 
(373.83) 
160.24 
(377.25) 
163.10 
(383.99) 
166.21 
(391.31) 
 
 
The roadway construction/repair can also result in the increase in road user cost. Since 
roadway construction leads to lane closures, this forces traffic to travel under stop-and-go 
conditions, resulting in drivers to arrive late to their destination. An alternative route may result 
in an increase in user cost because this alternative route may require additional time to reach the 
destination. In order to reduce user costs, roadway repairs should be performed during off-peak 
periods. 
The Road Agency and User costs are summarized in Table 4.9 for the overlay alternative. 
All the costs are discounted at 4% in order to calculate the future value which measures how 
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much a given sum of money is "worth" at a specified time in the future. The agency cost which 
can be capital or recurrent depends on the pavement condition which defines the reasonable set 
of rehabilitation alternatives available for a particular pavement type. The total transport cost is 
the addition of the agency and user cost.  
 
Table 4.9 Discounted Road Agency and User Cost on I-75 for Overlay 
Section: I-75 Southbound Direction Hamilton County Sequence 1 
Alternative: Overlay 
Section ID: Int 75 M 33 1 0                                        Road Class: Primary or trunk 
Length: 4.30 km                Width: 14.63 m                 Rise + Fall: 10.00 m/km                           
Curvature: 5.00 deg/km 
Cost in millions of dollars 
Year 
Road Agency Costs (RAC) Road User Costs (RUC) 
Total 
Transport 
Cost Capital Recurrent 
Total 
RAC 
Motorized Traffic (MT) 
Total 
RUC 
Vehicle 
Operation 
Travel 
Time 
2012 0.609 0.000 0.609 48.040 30.162 78.202 78.811 
2013 0.586 0.000 0.586 47.156 29.895 77.051 77.636 
2014 0.563 0.000 0.563 46.301 29.666 75.967 76.530 
2015 0.541 0.000 0.541 45.483 29.476 74.960 75.501 
2016 0.521 0.000 0.521 44.702 29.332 74.034 74.555 
2017 0.501 0.000 0.501 43.933 29.306 73.239 73.739 
2018 0.481 0.000 0.481 43.423 29.715 73.138 73.619 
2019 0.463 0.000 0.463 42.789 29.794 72.584 73.046 
2020 0.445 0.000 0.445 42.211 29.964 72.175 72.620 
2021 0.428 0.000 0.428 41.695 30.242 71.937 72.365 
Total 5.137 0.000 5.137 445.734 297.553 743.287 748.423 
All costs are discounted at 4.00% 
 
 
As for the micro-surfacing alternative, the total transport cost decreases slightly due to 
the decrease in agency cost and are shown in Table 4.10. The cost of micro-surfacing is less than 
the cost of overlay, as seen in Table A.1 in Appendix A; hence, the decrease in agency cost.  
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Table 4.10 Discounted Road Agency and User Cost on I-75 for Micro-surfacing  
 
Section: I-75 Southbound Direction Hamilton County Sequence 1 
Alternative: Micro-Surfacing 
Section ID: Int 75 M 33 1 0                                        Road Class: Primary or trunk 
Length: 4.30 km                Width: 14.63 m                 Rise + Fall: 10.00 m/km                           
Curvature: 5.00 deg/km 
Cost in millions of dollars 
Year 
Road Agency Costs (RAC) Road User Costs (RUC) 
Total 
Transport 
Cost Capital Recurrent 
Total 
RAC 
Motorized Traffic (MT) 
Total 
RUC 
Vehicle 
Operation 
Travel 
Time 
2012 0.000 0.284 0.284 48.040 30.162 78.202 78.486 
2013 0.000 0.273 0.273 47.155 29.895 77.051 77.324 
2014 0.000 0.263 0.263 46.303 29.666 75.969 76.232 
2015 0.000 0.253 0.253 45.488 29.477 74.965 75.218 
2016 0.000 0.243 0.243 44.710 29.334 74.044 74.287 
2017 0.000 0.234 0.234 43.944 29.308 73.252 73.486 
2018 0.000 0.225 0.225 43.438 29.716 73.154 73.379 
2019 0.000 0.216 0.216 42.808 29.797 72.606 72.822 
2020 0.000 0.208 0.208 42.235 29.968 72.203 72.411 
2021 0.000 0.200 0.200 41.724 30.247 71.971 72.171 
Total 0.000 2.399 2.399 445.846 297.571 743.417 745.816 
All costs are discounted at 4.00% 
 
 
 
The total user cost for SR 319 are approximately double the values of I-75 because state 
routes are subjected to stop-and-go traffic due to traffic signals as well as slower traffic resulting 
in increased travel time while interstate travel is without interruption. This is shown in Table 
4.11. The road agency cost for SR 319 or Hixson Pike is about four times higher than the agency 
cost for I-75. Due to the stop-and-go traffic on state routes, the load of vehicles affect certain 
portions of the road, so maintenance may need to be applied more often to prevent roadway 
conditions from becoming poor. Similarly, for the micro-surfacing alternative, the total transport 
cost decreases slightly due to the decrease in agency cost and are shown in Table 4.12.   
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Table 4.11 Discounted Road Agency and User Cost on SR 319 for Overlay 
 
Section: State Route 319 Northbound Direction Hamilton County Sequence 1 
Alternative: Overlay 
Section ID: SR 319 P 33 1 0                                        Road Class: Secondary or trunk 
Length: 34.30 km                Width: 7.32 m                 Rise + Fall: 10.00 m/km                           
Curvature: 15.00 deg/km 
Cost in millions of dollars 
Year 
Road Agency Costs (RAC) Road User Costs (RUC) Total 
Transport 
Cost Capital Recurrent 
Total 
RAC 
Motorized Traffic (MT) Total 
RUC Vehicle Operation Travel Time 
2012 2.429 0.000 2.429 111.198 68.406 179.604 182.033 
2013 2.335 0.000 2.335 108.878 67.018 175.896 178.231 
2014 2.246 0.000 2.246 106.604 65.658 172.262 174.508 
2015 2.159 0.000 2.159 104.376 64.327 168.704 170.863 
2016 2.076 0.000 2.076 102.195 63.025 165.219 167.295 
2017 1.996 0.000 1.996 100.058 61.749 161.808 163.804 
2018 1.920 0.000 1.920 97.967 60.501 158.468 160.387 
2019 1.846 0.000 1.846 95.919 59.279 155.198 157.044 
2020 1.775 0.000 1.775 93.911 58.082 151.993 153.768 
2021 1.706 0.000 1.706 91.944 56.911 148.855 150.561 
Total 20.488 0.000 20.488 1,013.050 624.956 1,638.006 1,658.494 
All costs are discounted at 4.00% 
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Table 4.12 Discounted Road Agency and User Cost on SR 319 for Micro-surfacing 
 
Section: State Route 319 Northbound Direction Hamilton County Sequence 1 
Alternative: Micro-Surfacing 
Section ID: SR 319 P 33 1 0                                           Road Class: Secondary or trunk 
Length: 34.30 km                      Width: 7.32 m                Rise + Fall: 10.00 m/km                
Curvature: 15.00 deg/km 
Cost in millions of dollars 
Year 
Road Agency Costs (RAC) Road User Costs (RUC) Total 
Transport 
Cost 
Capital Recurrent 
Total 
RAC 
Motorized Traffic (MT) Total 
RUC Vehicle Operation Travel Time 
2012 0.000 1.134 1.134 111.198 68.406 179.604 180.738 
2013 0.000 1.090 1.090 108.879 67.018 175.896 176.987 
2014 0.000 1.049 1.049 106.611 65.659 172.270 173.318 
2015 0.000 1.008 1.008 104.392 64.328 168.720 169.728 
2016 0.000 0.969 0.969 102.220 63.026 165.246 166.216 
2017 0.000 0.932 0.932 100.095 61.751 161.847 162.779 
2018 0.000 0.896 0.896 98.016 60.504 158.520 159.416 
2019 0.000 0.862 0.862 95.982 59.282 155.265 156.127 
2020 0.000 0.829 0.829 93.993 58.087 152.080 152.909 
2021 0.000 0.797 0.797 92.049 56.917 148.966 149.762 
Total 0.000 9.567 9.567 1,013.436 624.978 1,638.414 1,647.980 
All costs are discounted at 4.00% 
 
 
 
The multi-year optimization results produced using HDM-4 is shown in Table 4.13. The 
maximum NPV/cost is used to identify which section requires immediate maintenance attention. 
Using the budget constraint of one million dollars for interstates and two million dollar for state 
routes, the optimization results prioritizes each roadway section based on which section needs 
maintenance prior to other roadway sections. Based on Table 4.13, among the interstates, I-124 
M 33 1 (3.2 km) requires immediate maintenance. The cost is also specified. The cumulative cost 
shown for each year expresses that the cost is within the budget constraint. The next section 
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requiring maintenance would be I-124 P 33 1 (3.2 km) and then I-75 M 33 1 (2.4 km). As for the 
state routes, SR 29 P 33 1 (3.34 km) requires immediate maintenance.  
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Table 4.13 HDM-4 Optimization Results 
Work Program Optimized  by Year 
Year Section Road Class 
Length 
(km) 
Surface 
Class 
AADT 
Work 
Description 
NPV/CAP 
In millions 
Financial 
Costs 
Cum. 
Costs 
2012 
I-124 M 33 1 Primary or trunk 3.2 Bituminous 39500 Overlay 84.263 0.23 0.227 
I-124 P 33 1 Primary or trunk 3.2 Bituminous 39500 Overlay 84.263 0.22 0.451 
I-75 M 33 1 Primary or trunk 2.4 Bituminous 53865 Overlay 76.668 0.25 0.706 
I-75 P 33 1 Primary or trunk 2.4 Bituminous 53865 Overlay 76.650 0.26 0.964 
I-24 P 33 1 Primary or trunk 0.5 Bituminous 23615 Overlay 23.417 0.03 0.998 
2013 
I-124 M 33 1 Primary or trunk 3.2 Bituminous 40211 Overlay 84.263 0.23 1.225 
I-124 P 33 1 Primary or trunk 3.2 Bituminous 40211 Overlay 84.263 0.22 1.450 
I-75 M 33 1 Primary or trunk 2.4 Bituminous 54834 Overlay 76.668 0.25 1.705 
I-75 P 33 1 Primary or trunk 2.4 Bituminous 54834 Overlay 76.650 0.26 1.963 
I-24 P 33 1 Primary or trunk 0.5 Bituminous 24040 Overlay 23.417 0.03 1.997 
2012 
SR 29 P 33 1 Primary or trunk 3.4 Bituminous 71340 Overlay 170.816 0.24 0.241 
SR 320 P 33 1 Secondary or main 11.8 Bituminous 27480 Overlay 55.381 0.84 1.076 
SR 2 P 33 1 Primary or trunk 5.8 Bituminous 28930 Overlay 44.725 0.55 1.624 
SR 8 P 33 1 Primary or trunk 5.3 Bituminous 22260 Overlay 39.147 0.38 1.999 
2013 
SR 29 P 33 1 Primary or trunk 3.4 Bituminous 72624 Overlay 170.816 0.24 2.240 
SR 320 P 33 1 Secondary or main 11.8 Bituminous 27974 Overlay 55.381 0.84 3.076 
SR 2 P 33 1 Primary or trunk 5.8 Bituminous 29450 Overlay 44.725 0.55 3.623 
SR 8 P 33 1 Primary or trunk 5.3 Bituminous 22660 Overlay 39.147 0.38 3.998 
 
M = Minus (Southbound or Westbound) 
 
P = Plus (Northbound or Eastbound) 
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4.2.2 HPMA 
 
The raw data collected in 2012 for Hamilton County is uploaded in HPMA software. The 
data includes the county, route type, route number, county sequence, direction, and the date the 
data is collected. The beginning mile to the end mile is included. This helps identify the 
particular road section. Distresses, such as transverse cracking, fatigue cracking, longitudinal 
wheel path, block cracking, patching, found in the pavement are recorded according to their 
severity level. 
The Section data report in Table 4.14 includes calculations of Pavement Smoothness 
Index (PSI), Pavement Distress Index (PDI), and Pavement Quality Index (PQI). The IRI and rut 
depth for each section are recorded using an equipped vehicle with laser sensors. Each section is 
defined to have a maximum length of one mile. Tennessee Department of Transportation uses 
several models such as distress index model, roughness index model, overall index model (PQI, 
PDI, PSI model) to predict distresses and roughness.  If pavement resurfacing history 
information is available, then on a given stretch of road the first thing HPMA does is look at the 
last maintenance treatment type and predicts distresses using pavement deterioration models for 
both smoothness and distress.  Then HPMA selects the anticipated measure and uses the 
respective index (PSI, PDI, and PQI), whichever is called for in the decision tree, to calculate a 
recommended treatment.  If there is no site-specific information, HPMA uses default 
deterioration models.  In order to identify the distresses, HPMA uses the Long-Term Pavement 
Performance Distress Identification Manual for each distress type.  For smoothness, HPMA 
ranges from 0 (very good) to 200+ (poor).  TDOT does not have a failure point because they do 
not allow a road to get that far.  They use a trigger value to pick out candidate road sections to 
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look at.  Usually a PSI, PDI, or PQI of 2.5 is the lower limit that is allowed [personal 
communication, September 12, 2012]. 
Figure 4.6 and Figure 4.7 shows the pavement performance using the PQI Index for the 
particular section of I-75 and SR 319, respectfully. The section performance provides the 
deterioration curve for these particular sections. The average PQI for the particular year is 
specified. For instance, the average PQI for I-75 in 2012 is 3.37. The quality of the pavement 
deteriorates and as soon as it is approximately 2.5, the road section is maintained restoring it to 
about 4.   
 
 
 
Figure 4.6 Pavement Performance of I-75 Southbound Hamilton County Sequence 1 (0.0 – 2.5 
mi.) 
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Figure 4.7 Pavement Performance of SR 319 Northbound Hamilton County Sequence 1 (0.0 – 
21.29 mi)
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Table 4.14 Section Data Report 
 
county route rt_num county seq. Direc. from to IRI Rut depth PSI psi_year PDI PQI pdi_year 
33 I 75 1 M 0 1 43.3 0.16 3.73 2011 5 4.58 2010 
33 I 75 1 M 1 2 79.72 0.14 3.09 2011 4.97 4.31 2010 
33 I 75 1 M 2 3 66.88 0.1 3.36 2011 5 4.44 2010 
33 I 75 1 M 3 4 75.41 0.16 3.15 2011 5 4.35 2010 
33 I 75 1 M 4 5 70.48 0.18 3.22 2011 5 4.38 2010 
33 I 75 1 M 5 6 62.96 0.14 3.41 2011 5 4.46 2010 
33 I 75 1 M 6 7 63.48 0.11 3.4 2011 5 4.45 2010 
33 I 75 1 M 7 8 67.14 0.11 3.29 2011 5 4.41 2010 
33 I 75 1 M 8 9 80.35 0.14 3.05 2011 5 4.31 2010 
33 I 75 1 M 9 10 68.58 0.1 3.28 2011 5 4.41 2010 
33 I 75 1 M 10 11 68.51 0.08 3.3 2011 5 4.41 2010 
33 I 75 1 M 11 12 65.61 0.08 3.3 2011 5 4.41 2010 
33 I 75 1 M 12 13 58.61 0.09 3.43 2011 5 4.47 2010 
33 SR 319 1 P 0 1 54.17 0.1 3.58 2011 3.18 3.3 2010 
33 SR 319 1 P 1 2 48.83 0.14 3.66 2011 2.59 2.87 2010 
33 SR 319 1 P 2 3 54.2 0.12 2.08 2010 4.61 3.63 2010 
33 SR 319 1 P 3 4 0 0.12 1.9 2010 4.21 3.32 2010 
33 SR 319 1 P 4 5 0 0.12 2.33 2010 4.44 3.66 2010 
33 SR 319 1 P 5 6 0 0.09 3.66 2010 4.73 4.38 2010 
33 SR 319 1 P 6 7 0 0.08 3.46 2010 4.47 4.14 2010 
33 SR 319 1 P 7 8 0 0.08 3.48 2010 4.66 4.27 2010 
33 SR 319 1 P 8 9 0 0.09 3.57 2010 4.51 4.2 2010 
33 SR 319 1 P 9 10 0 0.08 3.58 2010 4.21 4.01 2010 
33 SR 319 1 P 10 11 0 0.09 3.64 2010 4.99 4.54 2010 
33 SR 319 1 P 11 12 0 0.08 3.64 2010 4.93 4.5 2010 
33 SR 319 1 P 12 13 0 0.1 3.33 2010 4.6 4.18 2010 
 
SR = State Route            
I = Interstate       
 rt_num = route number       
M = Minus = Southbound        
P = Plus = Northbound         
IRI = International Roughness Index (in/mi)         
rut depth = inches  
PSI = Pavement Smoothness Index       
PDI = Pavement Distress Index       
PQI = Pavement Quality Index 
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In Figure 4.8, the Needs Distribution for Hamilton County shows PSI, PQI, and PDI 
indices for each year. The figure shows the miles of roads reaching the index trigger level (or the 
limit allowed for road sections to deteriorate before maintenance is applied) in each year.  
According to Figure 4.8, in 2012, 160 miles in Hamilton County have reached the PSI trigger 
value, 40 miles PDI, and 140 miles PQI trigger value. If all the needs are addressed in the year 
2012, then there will be fewer needs in upcoming years. However, if some of the needs are dealt 
with in 2012, then the rest will be distributed in the approaching years. 
 
 
 
Figure 4.8 Need Year Distribution 
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According to the Performance Trend graph in Figure 4.9, the PSI, PDI, and the PQI 
deteriorate each year if no change or “do-nothing alternative” has been applied.   
 
 
 
Figure 4.9 Average Performance Trend 
 
 
Analysis Results for M&R are provided in Table 4.15. The results include PQI need year, 
maintenance treatment, and the cost-effective ratio. The results express that on I-75, an overlay 
treatment of 200 pound per square yard is cost-effective if applied between 2017 and 2020. 
However, if the treatment is implemented in 2021, the cost-effective maintenance would be mill 
& replace 1-2 inches plus overlay of 400 pound per square yard (MR 1-2” + OL 400 PSY). If the 
maintenance treatment is applied closer to the PQI need year 2022, then the treatment will be 
costly because the pavement is allowed to deteriorate further. The results express the next year 
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the PSI, PQI, and PDI will reach the trigger value of the deterioration curve and maintenance 
will be required to increase the index to the serviceable level.  The results for each interstate and 
state route are acquired, but I-75 and SR 319 are selected to demonstrate the M&R analysis. 
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Table 4.15 M&R Analysis Results 
 
Hwy 
id 
Begin 
mile 
End 
mile 
county direction 
County 
seq 
pave 
type 
PQI 
need 
year 
Need 
Year 
Implementation 
year 
treatment 
Cost-
effect 
Next 
PQI 
need 
Next 
PSI 
need 
Next 
PDI 
need 
I-75 M 33 1 0 0 1 33 M 1 BIT 2022 2012 2017 Overlay < 200 PSY 0.218 2030 2031 2030 
I-75 M 33 1 0 0 1 33 M 1 BIT 2022 2012 2018 Overlay < 200 PSY 0.225 2031 2032 2031 
I-75 M 33 1 0 0 1 33 M 1 BIT 2022 2012 2019 Overlay < 200 PSY 0.228 2032 2033 2032 
I-75 M 33 1 0 0 1 33 M 1 BIT 2022 2012 2020 Overlay < 200 PSY 0.228 2033 2034 2033 
I-75 M 33 1 0 0 1 33 M 1 BIT 2022 2012 2021 MR 1-2" + OL 400 PSY 0.117 2037 2040 2037 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2012 Overlay < 200 PSY 0.17 2025 2026 2025 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2013 Overlay < 200 PSY 0.194 2026 2027 2026 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2014 Overlay < 200 PSY 0.214 2027 2028 2027 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2015 Overlay < 200 PSY 0.229 2028 2029 2028 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2016 MR 1-2" + OL 400 PSY 0.132 2032 2035 2032 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2017 MR 1-2" + OL 400 PSY 0.133 2033 2036 2033 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2018 MR 1-2" + OL 400 PSY 0.132 2034 2037 2034 
I-75 M 33 1 0 1 2 33 M 1 BIT 2021 2012 2019 MR 1-2" + OL 400 PSY 0.129 2035 2038 2035 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2012 MR 1-2" + OL 400 PSY 0.021 2032 2032 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2013 MR 1-2" + OL 400 PSY 0.018 2033 2033 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2014 MR 1-2" + OL 400 PSY 0.016 2034 2034 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2015 MR 1-2" + OL 400 PSY 0.013 2035 2035 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2016 MR 1-2" + OL 400 PSY 0.011 2036 2036 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2017 MR 1-2" + OL 400 PSY 0.009 2037 2037 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2018 MR 1-2" + OL 400 PSY 0.007 2038 2038 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2019 MR 1-2" + OL 400 PSY 0.005 2039 2039 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2020 MR 1-2" + OL 400 PSY 0.004 2040 2040 2061 
SR 319 M 33 1 0 4.01 4.52 33 M 1 BIT 2012 2012 2021 MR 1-2" + OL 400 PSY 0.003 2041 2041 2061 
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The total cost needed for each year is shown graphically in Figure 4.10. In 2012, an 
unconstrained budget of 91.8 million dollars is required to meet all the needs shown in Figure 
4.8. If all sections (interstates and state routes) are treated in 2012, then the remaining sections 
expected in 2013 will only require 9.7 million dollars. However, if only some of the sections are 
treated, then the cost will be distributed in the upcoming years.  
 
 
 
Figure 4.10 Total Costs for Highest Cost Effectiveness Treatments 
 
 
 
However, 91.8 million dollars is not available, so an optimization analysis is performed 
using the constraint budget of one million dollars for interstates and two million dollars for state 
routes. The analysis results are shown in Table B.1 in Appendix B and the cost summary are 
shown in Table 4.16 for Hamilton County. The optimization results include maintenance 
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alternative required, cost-effective ratio, costs for maintenance alternatives specified according to 
which year the maintenance is required. A section is identified, for instance, as I-24 Eastbound 
with a beginning to end mile of 0 – 0.3 miles, last constructed in 1969, and last rehabilitated in 
2007. The next year the PQI, PDI, and PSI reach the trigger limit is included. The cost-effective 
maintenance treatment and the year this treatment needs to be applied are specified. However, if 
this is not taken care of in the first year, the cost will be added to the second year. Each section is 
prioritized in order of maximum cost-effective ratio and the PQI, PDI, and PSI trigger values is 
also taken into consideration. If a section has high cost-effectiveness ratio, but the PQI, PDI, and 
PSI trigger values have not been reached, then that section may not require immediate attention 
and HPMA moves on to another section with the next largest cost-effective ratio.  
Based on HPMA optimization results shown in Table B.1, the maximum cost-
effectiveness occurs for I-75 (0 - 1 mi); however, the PSI need year is 2021, so the specified 
maintenance treatment needs to be applied by 2021 (or the ninth year). This process continues 
where HPMA selects the next maximum cost-effective ratio (I-124, 1 – 1.97 mi) and then finds 
that the PSI need year is 2016 and moves on to the next section. Among state routes, the 
maximum cost-effective ratio is found for SR 29 (1 – 2 mi); however, the PSI need year is 2015, 
so the maintenance should be applied by 2015 (or the third year). Then HPMA selects the next 
maximum cost-effective ratio (SR 320, 2 – 3 mi) and finds that the PSI need year is 2014 
(second year), so this section is a priority in 2014.   
The cost summary, shown in Table 4.16, includes the total cost acquired from the 
optimization results summarized according to maintenance activity and the year the activity 
needs to be applied. The total cost is within the total three million dollar budget constraint for 
interstates and state routes.  
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Table 4.16 Cost Summary for Treatment Required in Hamilton County 
 
In thousands of dollars 
activity activity 
cost_1 
(2013) 
cost_2 
(2014) 
cost_3 
(2015) 
cost_4 
(2016) 
cost_5 
(2017) 
cost_6 
(2018) 
cost_7 
(2019) 
cost_8 
(2020) 
cost_9 
(2021) 
cost_10 
(2022) 
totcost 
M1_2 
Mill & Replace 
1"-2" 
2359.1 1227.3 346.9 666.1 327.3 490.9 163.6 0 0 241.4 5823 
MO2400 
MR 1-2" + OL 
400 PSY 
39.3 34.4 119.1 491 41.2 1012.6 119.1 802.2 2130.5 1200.4 5990 
O200 
Overlay  
< 200 PSY 
599.6 1732.1 2523 1830.1 2235.7 1482.1 370.9 664 741.8 1536.2 13716 
O400 
Overlay 200-400 
PSY 
0 0 0 0 349.1 0 0 0 104.7 0 454 
RECON Reconstruction 0 0 0 0 0 0 2335.9 1527.3 0 0 3863 
 Total Cost 2998 2993.8 2989 2987.2 2953.3 2985.6 2989.5 2993.5 2977 2978 29845 
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CHAPTER V 
 
CONCLUSION 
 
 
The pavement management system is used in this study to find a cost-effective strategy to 
prioritize each Hamilton County interstates and state routes. This prioritization is accomplished 
based on the immediate maintenance needs required by the road section. The study is performed 
with the aid of HDM-4 and the HPMA software. 
 
The first objective of this study is to assess the existing pavement conditions and predict 
future conditions. 
  HDM-4  
o Based on the pavement condition results for I-75 and SR 319, it can be concluded 
that micro-surfacing costs less; however, this maintenance option does not 
necessarily improve all the distresses such as rutting. Even though micro-
surfacing is applied in 2012, signs of structural cracking and raveling appear the 
following year. On the other hand, using overlay improves the roadway section 
significantly where structural cracking and rut depth remains in good condition 
throughout the analysis period.  
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 HPMA 
o When the performance reaches a PQI < 2.5, the maintenance specified is applied 
and restores the section to the desired level. Based on the results, the pavement 
performance is within good conditions. 
The second objective is to estimate the fuel consumption for the vehicle fleet.  
 HDM-4 
o  The fuel consumption results for I-75 in 2012 estimates that passenger cars 
during the peak hours consume 50.54 gallons per 1000 veh-mi of fuel due to the 
stop-and-go traffic experienced during peak hours. Less traffic exists during 
Periods 2, 3, and 4 allowing the vehicles the ability to travel continuously 
without interruption resulting in lower fuel consumption (approximately 36 
gallons per 1000 veh-mi). During the overnight period or Period 5, each vehicle 
can travel at higher speeds since no congestion occurs overnight resulting in 
slightly higher fuel consumption (41.30 gallons per 1000 veh-mi). Single unit 
vehicles and tractor-trailers behave in a similar manner.  
o The fuel consumption for cars on SR 319 during Period 1, 2, 3, and 4 is 
approximately 36 gallons per 1000 veh-mi since stops in SR 319 is primarily due 
to traffic lights. Traffic on SR 319 throughout the day is continuously flowing 
only stopping for traffic signals and for vehicles exiting the road resulting in 
similar fuel consumption values during periods 1, 2, 3, and 4. Slightly higher fuel 
consumption (37.28 gallons per 1000 veh-mi) occurs during overnight hours 
because vehicles have the ability to operate at higher speeds since less traffic 
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exists overnight and also due to vehicle stops at traffic signals. The fuel 
consumption results for single-unit and tractor-trailer show similar performance.  
  HPMA 
o  Fuel consumption is not included within this software. 
 
The third objective is to calculate the road agency and user cost. 
  HDM-4 
o The 4% discounted transport cost which includes the road user and agency cost 
calculates that for I-75, the cost in 2012 is approximately 78 million dollars while 
the cost is 182 million dollars in SR 319 for both alternatives.  
o The total user cost for SR 319 is approximately double the values of I-75 because 
state routes are subjected to stop-and-go traffic due to traffic signals as well as 
slower traffic resulting in increased travel time while interstate travel is without 
interruption.  
o The road agency cost for SR 319 or Hixson Pike is about four times higher than 
the agency cost for I-75. Due to the stop-and-go traffic on state routes, the load of 
vehicles affect certain portions of the road, so maintenance may need to be 
applied more often to prevent roadway conditions from becoming poor.  
o Using micro-surfacing alternative, the total transport cost decreases slightly in 
comparison to the cost using overlay due to the decrease in agency cost. The cost 
of micro-surfacing is less than the cost of overlay, hence the decrease in agency 
cost. 
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  HPMA 
o  User and Agency costs are not provided within this software.  
 
The fourth and fifth objectives are to determine the cost-effective type of treatment 
needed for a particular section and suggest the optimum utilization of funds. 
  HDM-4 
o Using the constraint budget of one million dollars for interstates and two million 
dollars for state route, optimization analysis is performed and each roadway 
section is prioritized based on maximum NPV/cost. 
o Among the interstates, I-124 M 33 1 (3.2 km) requires immediate maintenance. 
The next section would be I-124 P 33 1 (3.2 km) and then I-75 M 33 1 (2.4 km). 
As for the state routes, SR 29 P 33 1 (3.4 km) requires primary maintenance. 
  HPMA 
o Using an unconstrained budget, 91.8 million dollars is required to take care of the 
needs in 2012 for each section in Hamilton County. However, 91.8 million 
dollars in not available. A constraint budget of three million dollars is provided: 
one million dollars for interstates and two million dollars for state routes. 
o Each section is prioritized in order of maximum cost-effective ratio and also the 
PQI, PDI, and PSI trigger values is taken into consideration. If a section has high 
cost-effectiveness ratio, but the PQI, PDI, and PSI trigger values have not been 
reached, then that section may not require immediate attention and HPMA moves 
on to another section with the next largest cost-effective ratio. 
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o Based on the constraints (PSI < 2.5, etc.) placed in the decision tree, the 
appropriate cost-effective maintenance treatment is specified.  
o The maximum cost-effectiveness occurs for I-75 (0-1 mi); however, the PSI need 
year is 2021, so the specified maintenance treatment needs to be applied by 2021 
(or by the ninth year). This process continues where HPMA selects the next 
maximum cost-effective ratio (I-124, 1-1.97 mi) and then finds that the PSI need 
year is 2016 so HPMA moves on to the next section.  
o Among state routes, the maximum cost-effective ratio is found for SR 29 (1 – 2 
mi); however, the PSI need year is 2015, so the maintenance should be applied 
by 2015 (or the third year). Then HPMA selects the next maximum cost-effective 
ratio (SR 320, 2-3 mi) and finds that the PSI need year is 2014 (second year). As 
a result, this section is a priority in 2014.   
Additional information that is analyzed in this study: volume/capacity ratio. 
  HDM-4 
o The volume/capacity ratio for I-75 Southbound (4.3 km) in 2012 is 1.00. The 
roadway geometric changes, such as widening the road, may be considered to 
improve the operating conditions.  
o The volume/capacity ratio for SR 319 Northbound (34.30 km) in 2012 is 0.28. 
This indicates that the travel conditions are completely free flow (Level of 
Service A).  
  TDOT Planning Department 
o Volume/capacity ratio for I-75 Southbound (2.67 mi.) in 2012 is 0.73. This ratio 
indicates that the speeds of vehicles are at or near the free flow speed and 
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freedom to maneuver is noticeably restricted (LOS C) [Garber and Hoel, 2009, p. 
426]. The roadway geometric changes, such as widening the road, may be 
considered to improve the operating conditions. 
o Volume/capacity ratio for SR 319 Northbound (21.31 mi.) in 2012 is 0.2. This 
indicates that the travel conditions are completely free flow (Level of Service A).  
 
HPMA is selected for this study because it is used in Tennessee and this software 
package is compared to the World Bank HDM-4. HPMA uses the maximum cost-effective ratio 
as well as PSI, PDI, PQI trigger values while HDM-4 uses the maximum NPV/cost ratio to 
properly allocate the available budget. Based on the optimization results, HDM-4 presents I-124 
M 33 1 (3.2 km) as requiring primary maintenance. The next section would be I-124 P 33 1 (3.2 
km) and then I-75 M 33 1 (2.4 km). As for the state routes, SR 29 P 33 1 (3.4 km) requires 
immediate maintenance. On the other hand, HPMA presents I-75 (0 – 1 mi) as requiring primary 
maintenance based on maximum cost-effectiveness. However, since HPMA also takes into 
account the PSI, PQI, PDI need year, this section is found not to be a priority and can be 
maintained by the year 2021. Based on maximum cost-effectiveness as well as the PSI, PDI, and 
PQI need year, no interstates require immediate treatment but the state routes that need 
immediate maintenance treatment by 2014 are SR 320 (2-3 mi) and SR 2 (16-17 mi).  
 
Table 5.1 Comparing HDM-4 and HPMA Optimization Results 
HDM-4 HPMA 
2012 2014 
I-124 M 33 1 (3.2 km) 
No interstates 
I-124 P 33 1 (3.2 km) 
SR 29 P 33 1 (3.4 km) SR 2 P 33 1(16 – 17 mi) 
SR 320 P 33 1 (11.8 km) SR 320 P 33 1 (2 – 3 mi) 
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As seen in Table 5.1, it is not easy to compare the optimization results presented by 
HDM-4 and HPMA since different pavement sections are found to be requiring maintenance 
attention. The results vary due to the different methods used by HDM-4 (NPV/cost) and HPMA 
(cost-effectiveness as well as PSI, PDI, PQI need year). It is recommended that actual data be 
collected for the next several years and then the collected data be compared to the values 
predicted by the software packages to determine which software provides the more accurate 
results.  
The project analysis in HDM-4 provides fuel consumption, volume/capacity ratio as well 
as user & agency cost. The fuel consumption, volume/capacity ratio, and the road agency and 
user costs are only available in HDM-4 and are not included in HPMA. Since Tennessee 
roadways have received an average/poor grade for funding in the ASCE Infrastructure report 
card, it is recommended that HPMA cost-effective optimization analysis be used in order to 
adequately distribute the available funds. 
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INFORMATION FROM TDOT 
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Table A.1 TDOT Maintenance Treatments Descriptions and Cost per lane-mile
 
 
Maintenance Treatment 
# Code Description cost per lane-mile cost per m
2 
1 M1_2 Mill & Replace 1"-2" 75000 9.68 
2 M2_4 Mill & Replace 2"-4" 140000 18.08 
3 MO2200 MR 1-2" + OL 200 PSY 130000 16.79 
4 MO4200 MR 2-4" + OL 200 PSY 220000 28.41 
5 MO2400 MR 1-2" + OL 400 PSY 210000 27.12 
6 MO4400 MR 2-4" + OL 400 PSY 275000 35.51 
7 O200 Overlay < 200 PSY 85000 10.98 
8 O400 Overlay 200-400 PSY 160000 20.66 
9 O>400 Overlay > 400 PSY 220000 28.41 
10 RECON Reconstruction 350000 45.20 
11 RO800 Rubblize OL 900 PSY 1420000 183.37 
12 GR General Rehab 1119000 144.50 
13 GRO400 GR 3,4,5, +O400 PSY 1243000 160.51 
14 O400-C Overlay 400 PSY (C) 80000 10.33 
15 OC-BIT Orig. BIT Constr 400000 51.65 
16 OC-CON Orig. CON Constr 400000 51.65 
17 RECON2 Reconstruction 400000 51.65 
18 CS650 Crack&Seal+OL900+PSY 300000 38.74 
20 Seal Surface Treatment 15000 1.94 
21 SCR-OL Scratch and Overlay 75000 9.68 
22 CPR2 CON PVMT REHAB @ 20 70000 9.04 
23 CPR CPR @ 10 YRS 50000 6.46 
24 Micro Microsurface 35000 4.52 
26 UTOL Ultra Thin Overlay 42000 5.42 
27 O1 Overlay 1" to 2" 60661.33 7.83 
28 O2 Overlay 2" to 3" 116805.3 15.08 
29 O3 Overlay >3 1729.33 0.22 
30 M1O1 M(1"to2")-O(1"to2") 164560 21.25 
31 M102 M(1"to2")-O(2"to3") 220704 28.50 
32 M1O3 M(1"to2")-O(>3") 276848 35.75 
33 M201 M(>2)-O(1"to2") 268458.7 34.67 
34 M2O2 M(>2)-O(2"to3") 324602.7 41.92 
35 M2O3 M(>2)-O(>3") 380746.7 49.17 
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APPENDIX B 
 
HPMA OPTIMIZATION RESULTS
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Table B.1 HPMA Optimization Analysis Results 
 
The Optimization results include the year the pavement section is constructed and the last year it is rehabilitated. It also includes the 
last year the PSI and PDI reached the lowest limit and the year it will reach the trigger limit again. The cost-effective value is specified. 
Using this value as well as the PSI, PDI, and PQI need year, the funds are distributed depending on which section requires the appropriate 
cost-effective maintenance immediately and which sections can wait the following years. The appropriate maintenance treatment is selected 
from Table A.1 based on the specifications provided in the decision tree.  
 
 
 
  
County 
Cnty 
seq 
Route Direction 
Begin 
mile 
End 
mile 
Region District 
Pave 
type 
Year 
construct 
Year 
rehab 
PSI 
year 
PDI 
year 
PSI 
need yr 
PDI 
need yr 
PQI 
need yr 
33 1 I-24 P 0 0.3 2 21 BIT 1969 2007 2011 2010 2021 2022 2022 
33 1 I-75 M 0 1 2 21 BIT 1988 1999 2011 2010 2021 2023 2022 
33 1 I-124 M 1 1.97 2 21 BIT 1964 1998 2011 2010 2017 2023 2022 
33 1 I-124 P 1 1.97 2 21 BIT 1964 1998 2011 2010 2016 2021 2020 
33 1 SR 2 P 16 17 2 21 BIT 0 1995 2010 2010 2014 2018 2018 
33 1 SR 8 P 3 4 2 21 BIT 0 2005 2010 2010 2015 2017 2016 
33 1 SR 29 P 1 2 2 21 BIT 1977 1999 2011 2010 2015 2021 2020 
33 1 SR 320 P 2 3 2 21 BIT 0 2007 2010 2010 2014 2019 2018 
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Table B.1 (continued) HPMA Optimization Analysis Results 
 
County 
Cnty 
seq 
Route Direction 
Begin 
mile 
End 
mile 
Maint. 
Alt. No. 
Alt. 
Name 
Effect Cost 
Cost-
effect 
33 1 I-24 P 0 0.3 8 O400 11291 104727 0.108 
33 1 I-75 M 0 1 7 O200 63496 278182 0.228 
33 1 I-124 M 1 1.97 7 O200 41401 237606 0.174 
33 1 I-124 P 1 1.97 7 O200 43043 191884 0.224 
33 1 SR 2 P 16 17 7 O200 28898 241091 0.120 
33 1 SR 8 P 3 4 7 O200 33243 279727 0.119 
33 1 SR 29 P 1 2 7 O200 37077 185455 0.200 
33 1 SR 320 P 2 3 7 O200 34286 185455 0.185 
 
 Maint. Alt. No. = Maintenance Alternative Number (Table A.1) 
 Alt. Name = Maintenance Alternative Name (Table A.1) 
 
 
County 
Cnty 
seq 
Route Direction 
Begin 
mile 
End 
mile 
Cost 
y1 
(2013) 
Cost 
y2 
(2014) 
Cost 
y3 
(2015) 
Cost 
y4 
(2016) 
Cost 
y5 
(2017) 
Cost 
y6 
(2018) 
Cost 
y7 
(2019) 
Cost 
y8 
(2020) 
Cost 
y9 
(2021) 
Cost 
y10 
(2022) 
33 1 I-24 P 0 0.3 0 0 0 0 0 0 0 0 104727 0 
33 1 I-75 M 0 1 0 0 0 0 0 0 0 278182 0 0 
33 1 I-124 M 1 1.97 0 0 0 0 237606 0 0 0 0 0 
33 1 I-124 P 1 1.97 0 0 0 191884 0 0 0 0 0 0 
33 1 SR 2 P 16 17 0 241091 0 0 0 0 0 0 0 0 
33 1 SR 8 P 3 4 0 0 279727 0 0 0 0 0 0 0 
33 1 SR 29 P 1 2 0 0 185455 0 0 0 0 0 0 0 
33 1 SR 320 P 2 3 0 185455 0 0 0 0 0 0 0 0 
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